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. Simulations of the Solvent Structure for
Ma-romolecules. I. Solvation of B-DNA Double
Helixat T=300 K

GIORGINA CORONGIU* and ENRICO CLEMENTI, IBM-DPPQ,
P.0O. Box 3890, Poughkeepsie, New York 12602

Synopsis

Monte Carlo simulations are reported for a system of 447 water molecules enclosing a
B-DNA double-helix fragment with 12 base pairs and the corresponding sugar and phosphate
urits. From a detailed analysis on the interaction energies and probability distributions (at
a simulated temperature of 300 K), the water molecules can be partitioned into clusters
strongly interacting with (1) the phosphates, (2) the sugars, (3) the sugars and the bases, and
(4) the base pairs. In addition, transgraove and interphosphate filament of hydrogen-bonded
water molecules have been.detected. From simulations performed with variable numbers
of water molecules, a theoretical isotherm has been obtained, with the characteristic sigmeidal
shape, known from ahsorption-desorption experiments on related systems, The expected
main features for the structure of water molecules solvating B-DNA with Na* counterions
are briefly discussed at the end of the paper. ’

INTRODUCTION

We have previously reported on the interaction between one water
molecule and the bases! and base pairs? of nucleic acids; A-DNA single
helix,® B-DNA single* and double helix.#% In addition, Monte Carlo
simulations (at 300 K) have been presented for a cluster of water molecules -
enclosing the bases and the base pairs? or a limited region around A-DNA
single helix? and B-DNA single helix.45 These studies represent prelim-
inary steps. We extend our previous effort by considering, via simulations,
not only a much larger number of water molecules than previously, but also
the effect of counterions, initially the Na* ion; we report on qualitative
features of Na*-B-DNA at 300 K double helix and on quantitative aspects
of B-DNA in solution at 300 K. The B-DNA double helix fragment we
consider has been discussed previously (see Ref. 2), and consists of 12 base
pairs (namely, two more base pairs than needed to reproduce a full B-DINA
double helix turn) with the corresponding sugar and PO;—CHo, units. The
B-DNA double-helix fragment is enclosed in a cylinder with its axis coaxial
to the B-DNA long axis (z-axis). The cylinder height is 36.0 A with a base
radius of 14.5 A, The two base pairs and the corresponding sugar units kept
outside the cylinder (one above and one below) have been added in order

* Permanent address: Istituto Ricerche G. Donegani S.p.A., Via G. Fauser 4, Novara, 28100,
{taly.
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to improve the interaction field descriptions at the bottom and top ends
of the B-DNA fragment. Inthe Monte Carlo simulation reported below,
447 water molecules have been placed into the cylinder. The equilibration
process was carried out for 2 X 10f conformations; the statistical data an-
alyzed are obtained from additional 2 X 108 Monte Carlo “moves” (these
computations were carried out on an IBM 370/3033 computer}.

GRAPHICAL REPRESENTATION OF THE PROBABILITY
DENSITY

Some of the analysis reported here was not carried out with the use of
probability density maps, as done in the past,®® since these are somewhat
difficult to read and even more difficult to use as input data. The proba-
bility maps have been replaced by a model based on a new algorithm de-
scribed by the following four steps:

1. After computation of the probability density maps, the probability
density maxima for the oxygen atoms are located (neglecting low probability
maxima by selecting a threshold that ensures limiting the number of
maxima to 447, the number of water molecules enclosed into the cyl-
inder).

2. For the hydrogen atoms, the probability maxima are determined
subject to the constraint of being located on a sphere of radius equal to the
O—H internuclear separation in H;0.

3. A sphere of radius 0.5 A is centered at the oxygen and at the two hy-
drogen atom probability maxima.

4. The 2 X 108 conformations of the Monte Carlo stmulation are scanned
to determine how many times a water molecule fell into the volume defined
in step 3.

We note that in the probability density maps, the distance between the
probability maxima of an oxygen atom and its associated hydrogen atoms
is nearly (but not necessarily exactly) equal to the O0—H distance in H20;
thus, in our newly proposed slgorithm, we lose some of the information
available from the probability maps. In addition, the assumption of a
sphere around the oxygen and hydrogen atoms, implies an isotropic prob-
ability distribution; as pointed out previously,? the probability distri-
bution is often anisotropie, especially at room temperature. On the other
hand, the advantage of the new method is that it allows us to obtain a
graphical representation that is immediately understandable and replaces
the snapshot pictures often used in the analysis of Monte Carlo data. As
known, such pictures are limited to only one conformation and therefore
have no statistical value. The technigue described here brings 50-70% of
the full set of the simulated conformations into the three spherical volumes
associated with each water molecule. By increasing the sphere’s radii to
1 A, 90-95% of the computed configurations are accounted for; however,
this larger radius decreased the information content concerning the relative
orientation of the molecules in the solvent.

©,
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STRUCTURE OF FIRST SOLVATION SHELL

Let us start with a gross analysis of the computed data. InFig. 1 were-
port the distribution of the internuclear distances from an atom (either O
or H) of water to the nearest atom of the B-DNA fragment. The internu-
clear distance is designated as R(i-z), where { refers either to a hydrogen
or the oxygen atom in water and a refers to the atom of B-DNA nearest to
i. Weindicate as N(i) the number of atoms of type i located (from analyses
of the Monte Carlo Data) at a R(i-a) distance from a. The (O-2) inter-
nuclear distance distribution (see the solid line of Fig. 1) shows a very dis-
tinct peak with a maximum at 2.6 A (first region), a second peak with a
maximum at 3.4 A (second region), and a set of peaks that can be ap-
proximately associated to an asymmetrical Gaussian distribution with a
maximum at about 4.5 A (third region). The first, second, and third regions
contain approximately 180, 40, and 220 water molecules, respectively.

The {(H-a) internuclear distance distribution (broken line in Fig, 1) is
characterized by two very distinct peaks with maxima at 1.8 and 2.8 A and
a distribution of peaks with decreasing intensity for large R (H-a) values.
From these distributions we learn that most of the water molecules in the
first region are oriented with a hydrogen atom pointing to a; since the (H-a)
peak with a maximum at 1.8 A is somewhat breader and a bit more intense
than the second one (at 2.8 A), we can also conclude that a small number
of water molecules have both hydrogen atoms pointing towards B-DNA.
The hydrogen and oxygen peak separations inform us (26 -1.84 = 0.8 4
and 2.6 — 2.8 A = 0.2 A) that, in general, for the first region the hydrogen
bond forms structures for the type a- - -H—O0.

A detailed analysis of the oxygen atom distribution in the first region
indicates that relatively few water molecules have the oxygen atom (rather
than a hydrogen atom} in proximity to an a atom. In general, we can as-
sociate the water molecules of the first region to the first hydration shell.
The water molecules of the second R(O-a) region are less easily defined and
might be interpreted as water molecules of the first shell but with the
oxygen farther away from a and with both hydrogen atoms pointing toward

a0

301

N{i}—s

10

T s 4 5 57 & %
Fig. 1. Distribution of oxyger. (solid line) and hydrogen (dashed line) internuclear distances
from the @ atom of B-DNA (see text).
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a. [Namely, we suggest associating the second oxygen peak with the sec-
ondary peak of the hydrogen distribution at R (i-a) of about 2.8 A ]

Let us now analyze the water molecule distribution in more detail by
considering the probability distribution maps, represented as explained
in the Introduction. In Figs. 24 we show the water molecules solvating
either the phosphate groups in each of the two helixes of B-DNA or the
water molecules contained in a disk of about 5 A thickness (slicing the
cylinder perpendicular to the z-axis). The phosphates, the sugar groups,
and the bases connected to one of the two helizes are designated with an
asterisk in order to differentiate them from the equivalent groups of the
second helix; equivalently, the two helixes are referred as h and h*, for short.
In the figures the water molecules are represented with the new algorithm;
we shall use the convenient expression of “water molecule number N7 to
indicate “the ensemble of water molecules that falls within the volume
num;er N, consisting of the previously described three spheres of radius
0.5 A.

In Fig. 2, we report the 10 phosphate groups P1-P10 of h and the corre-
sponding sugar unit, but not the base pairs, which are, however, indicated

1 T T t

Fig. 2. Water molecules solvating the h helix in B-DNA.

)
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1
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Fig. 3. Water molecules solvating the h* helix in B-DNA.

| 1 1 | 1 ) 1 1

by reporting the terminal nitrogen atom and by using the notation, T1, G2,
-+~+C10. The outermost circumference has 14.5-A radius; the divisions
around the figure indicate 2-A intervals, The water molecules are seen
from positive values looking down toward negative z values. Only the water
molecules very near the phosphate P1 (atz = 18.1 A) to P10 (atz = —12.3

) are reported. Since the “water molecules” are numbered with an index
of increasing value along the z direction (from positive to negative z), low
indices (starting from 1} correspond to water molecules solvating the top
of the B-DNA fragment, high ones (approaching 447) to water molecules
solvating the bottom of the B-DNA fragment.

Notice in Fig, 2 the dual features of the water clusters: not only do the
water molecules enclose the POy group, they also form hydrogen-bonded
filaments (see, for example, water molecules 322, 230, 332, and 358 in the
P8-P9 region). The data in Fig. 3 provide a view of the water molecules
solvating the phosphate groups of the h* helix. The water molecules in
this figure seem to spread somewhat less along radial lines and to be con-
fined to circular patterns, Close analysis (provided by the data in the tables
that follow) mitigate this first-hand impression due to (a) steric visual ef-
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FromZ=121AtoZ=77A

Fig. 4. Water molecules contained in a disk 4.4 A thick and solvating B-DNA; the radii of
the two circumferences are 14.5 and 8.8 A, respectively.

fects and (b) an insufficient number of water molecules reported in the two
figures. In Fig, 4, we report only one base pair, the A3-T3 base pair; the
water molecules experience the immediate fields of the G2.C2* and C4.G4*
base pairs (not reported in the figure in order not to further complicate the
drawing). |

Notice, in addition, that in the major groove (M.g.) there are 10 water
molecules (82, 108, 87, 132, 130, 109, 123, 85, 137, and 133), whereas only
4 water molecules are found in the minor (m.g.) groove {138, 103, 105, and
99); this situation is reversed when we extend the major groove and the
minor groove volume up to a radius of 14.5 A, The physical reason for these
findings is that close to the bases there is more “free” space in the major
groove than in the minor groove, but further out toward R = 13 or 14 4, the
field generated by the phosphates in the minor groove is stronger than the
field generated by the phosphates in the major groove.

A more quantitative analysis is provided in Tables [ and I, where we
report the water molecules solvating the phosphates of the h and h* helixes,

©
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respectively, The first column reports the phosphate group identification;
in the other columns, we report the water index, the distance from one of
the hydrogen atoms (H1) from either a free oxygen of POy (namely, O1P
and 02P) or the bound oxygen atoms (03 and 05"), the water-B-DNA
average interaction energy {in kJ/mol}, its mean standard deviation, and
the water—water interaction energy (in kJ/mol) and its standard devia-
tion.

In Figs. 5-8 we report the water molecules solvating the sugar unit and
the base pairs. One point should be immediately stressed: we report in
these figures not only the water molecules that are hydrogen-bonded to one
(or more) bases, but also some of those “near” the hases. For a given water
molecule, we use the following notation (in addition to the index for the
water “volume”): very strongly hydrogen-bonded water molecules to
B-DNA are differentiated from strongly hydrogen-bonded ones by writing
a short identification of the solvated site either without or within paren-
theses,

For example, in Fig. 5 (1), the water molecules reported are in the vicinity
of the T-A* and the G-C* base pair; the base pair (T-A*) is represented with
solid lines, since it is at a higher z-value than the lower base pair {G-C*),
represented by dashed lines. Water molecule 68 very strongly solvates the
second phosphate group in the h helix (P2); water 46 very strongly solvates
the zeroth sugar group in the h* helix (80*); water 46 very strongly solvates
SO* and also adenine Al* of h* and (but less strongly) guanine G2 of h;
water 49 is too far from any B-DNA atom to be assigned as solvating a
specific group, and it is therefore labeled only as M.g., namely, one of the
molecules in the major groove; finally, water 73 is unlabeled, because it is
neither strongly hydrogen-bonded to any atom of B-DNA nor is it within
the major groove, and it therefore lies within the minor groove. In con-
clusion, we have considered three types of water molecules: very strongly
hydrogen-bonded (to one or more atoms of B-DNA), strongly hydrogen-
bonded, and weekly hydrogen-honded. Somewhat arbitrarily, this clas-
sification is based on the value of the internuclear distance of the water’s
hydrogen {(or oxygen) atoms from a given atom of the B-DNA fragment (see
Fig. 1). More precisely, water molecules reported as very strongly hy-
dropen-bonded are those with an 0-a internuclear distance not larger than
3.2 A. If the hydrogen-bond length is larger by about 1 A, then we classify
it as a weak hydrogen bond. These criteria are rather restrictive and
somewhat arbitrary: the POj field is very intense and a water molecule
“strongly” hydrogen-bonded to one of the oxygen atoms in POy, necessarily
strongly feels the field of the remaining atoms in the POy group. For this
reason, we have not even attempted to list in the tables those water mole-
cules weakly or very weakly hydrogen-bonded to PO}, In our classification
of “hydrogen bond,” we have included, as an additional criterion, the re-
quirement that the overall orientation of a water molecular must be intu-
itively reasonable; for example, the oxygen {of Ho0) to oxygen (of PO;)
internuclear distance must be larger than the hydrogen (of H20) to oxygen
(of PO,) distance.
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TABLE [

Water Molecules Solvating the Phosphates in the h Helix TABLE 1 tcontinued)

PNo. WNo. Atom (1) R(HD) Atem(2) R(HZ) E(W.DNA)  E(W-W) PNo. WNo Atom(l) R(H1) Atom(2) R(HZ) EW-DNA) _ E(W-W)
P1 4 OIP 17 OIP 28  -1163%61 18 +35 2 o o o y Iwbxbd -l0sEd
13 0P 2.7 02P 2.1 —86.9 + 6.5 15412 : : H40+34 -113+42
24 Q2P 3.0 Q2P 1.8 -114.5 £ 5.0 0.5+ 3.8 Pg 327 oy 2.0 0y 31 -76.3 £ 6.6 -91+51
40 O1P 1.9 05’ 3.1 -90.0+62 -12.0%4.0 329 01pP 1.9 01P 28 ~93.2+ 3.4 1.0+39
45 02P 15 02p 2.9 —-92.7 £ 3.7 —33+42 358 ozp 1.5 02P 2.8 -1253 £ 4.7 =51 £ 4.2
P2 % OIP 26 0¥ 21 -1039 42 46445 oo e op TlaTERS  TTAE82
29 01P 2.9 o1 17 -1048%57 —23+14 : - —io. - 85+4.4
387 O1P 1.8 03P 33 -109.2+74 -4,
61 O1P 1.6 01P 29 . =1212457 39+3.7 1+3.1
68 02P 1.7 02P 238 -113.9+ 48 08+45 P10 359 03 2.4 0y 35 -86.6 £ 4.1 -57+34
68 o2p 2.6 o2p 3.0 -59.84£3.8  -174£40 361 oy 1.9 01P 2.5 —853 4 6.9 84442
85 02P 1.6 0zP 29 —104.1+35 75+ 3.8 392 0iP 16 OlP 28 —1097 50 —53+£28
98 O1p 2.4 0zP 1.0 -83.3 4 3.9 -88+ 48 393 o2p L7 oz2p 30  ~1243%45 3147
P3 63 03’ 1.9 oy 332 —604+ 88  —183+16 333,- 8;112 éig ggg g'g —_1;2.; : g.g _3‘5 iog
89 OIP 24 OlP 32 -990%58  ~40%35 as 0 17 0w 31 —1onasn —324586
96 O1P 16 o1P 27  —1137+48 —104+38 : - 1084 £ 7.0 08+ 26
118 0zP 16 03P 2.9 ~117.7456  -128+33 P11 408 o1p 1.6 01P 29 -113.0 £ 5.1 —5.7 + 5.0
127 01P 17 OiP 31 -1245+ 48 76+35 432 Ozp 1.8 02P 2.8 =793+ 49 ~18.0 + 5.6
133 og2p 1.8 0O2P 3.0 -70.6 + 5.9 —921.7 4+ 3.5 433 8313 1.6 O1p 2.7 —1183+ 4.3 8.5+ 2.5
P4 % oy 1.8 03 29 152446 229124 e o 18 oz 28 1204443 25344
112 01P 2.2 oI 3.2 —816+£92 —162+34
116 o1P 3.3 oy 21 -87.8+ 66 03 +35
151 O1P 1.7 o1P 28 . —1103 6.7 —10 4432 , , —_—
156 0P 1.5 02P 28  ~1197+43 -108+43 | [ T [ 7 77
163 o1P 17 OlP 28  —1251168 23 +4.5 i T .
178 0zP 21 02P 3.0 —824 £ 3.6 —95+35 1 o )
P5 135 o 1.8 o 29 —619+38 —182+43 1 P
160 01P 2.0 op 29  -1042%50 20453 a
76 01P 17 o1P 31 -1179%72 294 4.5 + s
186 02P 1.6 0zp 28  -1215+86 ~137%32 a7 | Ga-{cT) |
209 O1P 1.7 OLP 28  ~1308+4.8 ~0.243.5 . (F)s0-ar-(a2) 07@)
P6 190 o3’ 1.8 03 3.2 —803£59 —12.2447 ]
212 O1P 18 op 2.9 -854%75  ~105 &40 T AT s c”:@
»
241 o1 16 01P 28  ~1058%56 -89 %43 N 1 i
44 O2P 16 0zP 27 -9L1435  -100x40 A T o
22 OIP 20  OIP 28 -713472  —1463 30 T © 4 T 32(8 s
266 0zZP 2.1 02P 96  —1443%61 21454 | 3 4 ,('
271 02P 23 0%P 35 ~757+70  ~180+58 ‘ u i
L] Y
P74 0¥ 17 oy 3.1 -953443  ~69%21 1. TAPAIR and G-C'PAIR 2. G-C'PAIR and A-TPAIR
260 O1P 1.9 OlP 27  —1050£62 —0.1£50 N T AT R
270 O1P 17 o1p 29  —1956+45 71461 Fig. 5. Water molecules i eind ALY .
278 0P 11 02P 29 -1283+46  —48+34 @ wlesin the vicinity of T1-A1* and G2.C2° (1) and G2.C2* and A3T3*
292 02p 16 ozp 29 1049151 —81450
P8 268 oy 1.8 03 21 —903+£52 —139+£39
290 O1P 16 OIP 30 -1212+58 29 %32 .
314 Q2P 17 o2p 30 —1135£112 3.0+ 29 In Tables III and IV we present the water molecules hydrogen-bonded
220 02P 9 o1P 28 —931+98 ~02 116 to the sugar units and to the bases, respectively. The absence of solvating
322 o1pP 2.9 01P 2.9 -5404£107  -1784 89 water molecule.s a't some of the sugar units (or bases) is a consequence of
(continued) the above restrictive definitions. By relaxing the hydrogen-bond length

criteria, more molecules would be assigned to a given group of B-DNA.
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TABLE 11
Water Molecules Solvating the Phosphates in the h* Helix

P No. WNo. Atem (1} R (H1) Atom(2) R (H2) E(W-DNA) E(W-W)
P1* 9 Q2P 1.6 ozp 28 —-116.2 % 55 =524 35
16 Q1P | i P 2.8 ~1149+ 4.1 —-28+11
27 Q1P 16 4303 28 -114.3 4+ 3.9 -35+40
64 03 2.2 03y 36 -76.1+ 4.1 —-16.6 + 3.7
pa* 25 Q1P 3.1 Q2P 2.0 -109.7 + 5.3 —354+ 44
30 02p 1.7 Q2P 29 —-115.3 + 6.7 32+186
RE| 1P 27 O1P 2.8 -T18+ 6.1 —13.8+3.5
41 O1P 1.7 02P 2.6 —838+ 48 —-16.4 + 4.2
lili] o1p 2.0 P 2.6 864+ 6.0 ~7.3x31
7 OlF 1.6 Q1P 2.9 —-1046 + 6.5 -9.4+39
P3* 65 0zZF 1.7 02P 3.0 -1145+ 42 -30+26
93 o2P 1.7 2P 3.0 -1202+ 67 -78%35
85 Q1P 1.7 01P 29 -120.7 £ 6.0 -15+586
104 O1P 1.6 01P 3.0 —114.8x 8.7 -29+4.7
136 O1P 2,7 ek3 19 -85.6+ 5.2 -7.5+£46
P4 108 02P .7 02P 2.8 -804+ 6.0 ~14.3+ 5.2
115 02P 1.8 2P 2.8 -1123+ 6.7 -46+ 3.6
122 01pP 1.7 O1F 2.4 —-1062+ 74 ~-78+35
144 Q2P 1.7 Q2P N ~-1114+ 85 -84+ 25
147 0P 1.7 01P 3.0 -1194 £ 7.2 69+45
168 O1P 1.9 01P 34 -74.5 £ 13.2 -112+33
pe* 148 02P 2.8 02p 3.0 —84.5+ 83 —10.6 £ 5.4
149 0o2p 1.7 Q2P 31 -1153+ 7.1 0029
155 O1P 1.8 02p 2.9 —-121.1+ 82 1.3+50
185 02p 1.7 ozp 2.9 -106.4 £ 6.9 —-125% 3.0
198 01P 1.6 O1P 3.0 —120.5 + 6.8 05436
207 O1P 1.6 O1P 2.8 -923+ 438 ~5.9+4.2
P 192 OiP 3.0 05 2.5 754+ 59 —1L.7+ 4.4
208 2P 1.8 02zP 2.5 943+ 70 -148+33
217 01P 1.7 O1P 2.9 130.7+ 4.0 1.8+ 34
221 02P 17 Q2P 2.8 ~-1275+ 4.2 ~1.2 + 3.6
239. O1P 16 02P 2.7 -978+ 63 —81+27
269 oy 18 0y 3.0 —84.2+ 49 —198+ 45
P> 237 op 26 O1P 33 —549+ 4.8 —22.6 £ 5.1
247 Q2P 1.6 0P 2.8 -821% 4.1 -17.8+ 29
255 01P 1.7 O1P 29 -1279% 58 1.0 £ 4.7
263 o1p 16 O1P 28 1184+ 6.9 8.1+4.4
264 02p 1.6 02p 28 -119.2+ 43 -79+37
300 01P 1.8 O1P 2.1 —954+ 4.6 —-554£4.2
325 oy 2.4 o8 3.5 417+ 7.7 =254 + 3.6
Par 279 0zp 2.0 0zp 3.5 966+ 57 -157431
284 Q2P 1.7 Q2P 2.8 —1286 + 2.5 —4.14 35
291 01p 1.7 01P 31 -126.7+ 79 —0.14+54
395 02P 1.8 02P 2.6 -95.2 4+ 9.0 —89+28
326 01P 28 O1P 3.0 -56.1 x 10.6 —-192 £ 3.6
337 01P 1.7 1P 28 —1180+ 45 -31+£28
341 O1P 2.7 0y 2.0 —953+ 5.4 —129+ 44

{continued)

W
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TABLE I {continued)

P No. WNo. Atom (1) R(H1) Atom (2} R (H2) E(W-DNA) E(W-W)
Po* 319 02p 1.7 02zP 3.1 -899% 53 -1734£31
336 0o1P 17 Q1P 2.8 —-663+ 8.0 -—169+42
340 o1p 21 OzP 3.0 ~117.4 % 44 20+42
351 02P 16 ozp 2.7 ~-880+ 52 178125
366 01P 27 01P 2.8 -887+ 6.5 =02 44
374 op 1.6 01P 3.1 -1131 % 82 —-62+51
380 o 19 03 3.1 -90.0x 47 -9.3+ 3.7
P10* 360 ozP 18 ozp al -103.5& 50 —106+33
384 02p 1.6 02P 29 -1066%+ 53 -98+ 42
386 P 1.8 01P 2.9 —-82.1 4 8.0 —20.1 £ 3.2
394 0ip 18 02p 2.9 ~-1265.2+ 4.2 03427
416 01P 2.2 G1P 24 —~106.4 £ 5.5 -1.9+3.1
P11* 399 0zpP 1.7 ozp 3.1 -935% 67 -33+50
402 O1P L7 01P 3.0 -1156+ 4.0 -56+32
409 ozP 22 0zp 2.8 -96.8+ 6.4 -7.4%£28
421 o2p 1.7 02P 238 -119.1 % 64 38+£540
435 01pP 2.1 0o1P 26 —106.4 & 4.5 —23+50
441 0o1P 18 01P 2.8 -10584 5.8 33+28

AVERAGE INTERACTION ENERGIES

With these restrictive definitions and considering only strongly hydro-
gen-bonded water molecules, we can summarize as follows: there are 5.9
water molecules solvating each PO, group, 0.3 water molecules solvating
each sugar group, 0.5 water molecules solvating both the sugars and bases
(namely, hydrogen-bonded bridges between a sugar and a base), and 0.9
water molecules solvating a base. These average values refers only to the
first solvation shell, in the strict sense above defined; in this way, about 160
water molecules out of a total of 447 are considered. Considering the

4
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Fig. 6. Water molecules in the vicinity of A3T3* and C4-G4* (3) and C4.G4* and T5-A5*
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TABLE II1
Water Molecules Solvating the Sugar Units

SNo. WNe. R(H1} R(H2) E(W-DNA) E(W-w) Notes
52 46 1.9 3.3 —98.1+ 46 —9.2+47 52

S5 179 1.9 31 —106.2 + 4.3 -106 £26  S5-T5-G4*
87 232 2.2 30 -808+29 115+ 26 S7-(G6)

S8 309 1.7 3.0 —-89.5+ 55 —-6.2+42 58-A8-(GT*)
59 352 1.8 3.0 —843+4.1 ~15.1 4+ 25 89-T9

510 383 1.9 2.9 ~T8.7 + 4.2 -16.9+32 S10

50 47 2.0 3.2 —-484 69 =233 +35 S0%A1*(G2)
Sa* 103 1.8 29 —-894+39 —-16.0+£4.7  82*.C2*

S3* 159 1.7 3.0 -848 + 3.1 -193+48 53

S4* 193 2.0 3.0 -81.9+ 57 —144 £ 44  S4*.G4*
55* 236 19 3.1 ~100.5 + 2.9 944+ 39  55*-G8-A5*
S6* 308 2.0 34 -920+ 33 -72+28 56*-G7

57+ 324 1.8 2.9 —-89.8 + 38 -48+ 28 §7*

S8* 371 2.0 a3 —83.6 % 5.2 -123 £ 5.1 S8

Fig. 7. Water molecules in the vicinity of T5-A5* and G6-C6” (5) and G6-C6* and C7-G7*
{6).

grooves, there are 83 and 103 water molecules in the first solvation shell of
the minor and major grooves, respectively; outside the first solvation shell
there are an additional 83 and 177 water molecules in the minor and major
grooves, respectively. The average water-B-DNA interaction energies (in
kd/mol) are ~101.9 £ 5.8, —86.9 + 4.3, —85.9 & 4.4, and —63.4 + 4.2 for the
PO, sugar, sugar and base, bases, respectively; the average water-water
interaction energies are —6.1 + 3.8, —12.6 £ 3.7, ~12.6 + 3.5, and —16.6 &+
4.3 kJ/mol for the same groups listed above. Let us now consider the en-
ergetics of the full set of 447 water molecules (see Fig. 9).

The interaction energies (water—water, water—-B-DNA, and total) are

Ga . --z‘@
83‘2 :‘) M,

r g) }-()‘3\\“
AB-{GTYN )

2 r

- ’ ~ +

e 0r ;]
- PT 4

I

| 7. c-G'PAIRand ATPAIR T 8. A-TPARand -A'PAIR T

8. T-A"PAIR and C+G'PAIR

AN SRR WP R, SN S

Fig. 8. Water melecules in the vicinity of C7-G7* and A8T8* (7), AS-T8* and T9.A9* (8),
and T9-A9* and C10.10* (9).

reported for the water molecule with its oxygen atom enclosed in the in-
terface of two coaxial cylinders differing in the two radii by 0.5 A. The first
point corresponds to the energy of the water molecules enclosed in a cyl-
inder of radius R = 3.5 A (it contains no water molecules), Extrapolation
from R = 14.5 A to very large R qualitatively is easy, since the water—-DNA
interaction will go to zero and the water—water interaction will go to the
simulated value for bulk water (35.6 kd/mol; see Refs, 10, 11), Quantita-
tively, however, the extrapolation is somewhat more difficult, and we would
like to limit ourselves to present the simulated data; namely, for a water
molecule from B = 0 to 14.5 4, the average total energy is —79.5 + 0.1
kd/mol, and the average water-water interaction energy is —16.3 + 0.05
kd/maol; the simulated value for total energy is an upper limit to the
water-DNA interaction energy. Extension of our simulation to about
1500-2000 water molecules would fully settle this point, but since the
necessary simulation is, presently, somewhat too expensive, we have de-
ferred it to a later data. The total energies above given can be somewhat
misleading, since it is obtained as an average over many different positions,
with large energy variations. The total interaction energy of Fig. 9 clearly
shows five minima corresponding to interactions with the bases (A), bases
and sugars (B), and phosphates (C, I, and E). The 0%’ and 05’ solvation
region and the O1P and OZ2P solvation region approximately correspond
to the C and E minima, respectively; the minimum D corresponds to the
solvation region intermediate between C and E. The energy curve is
computed up to 14.5 A and “freely” extrapolated thereafter. The water—
water (W-W) and water-DNA (W-BDNA) components of the interaction
energy support the above interpretation for the energy-minima pattern;
however, the partial interaction energies are more structured in the region
from 8 to 14.5 &; the three to four minima seem to provide a differentiation
between the four oxygen atoms of PO,. This analysis, however, is com-
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TABLE 1V
Water Molecules Solvating the Base Pairs
Atom Atom
W No. Base R (1) (1} R(2) (2] E(W-DNA) E(W-W) Notes
42 T1 19 04 -5 £ 58 —-12.0+ 35 T1-{A1*)(C2*%)
Al* 26 HN61
c2* 3.0 HN42
47 Al1* 22 N3 —-48.4 469 -233+35 S0%-A1*-(G2)
G2 28 HN2 ‘
80 (2* 19 HN42 655+ 2% —-158 £47 C2*
87 G2 1.9 06 -7554 51 —75+61 G2-(C2%)
C2* 28 HN41 30 HNa2
103 C2* 20 02 3.0 02 —89.4 + 39 -160x4.7 82%-C2*
132 T3* 20 O4 —-756+43 +~63+52 T3*-(A3)
A3 26 HN61 26 HN62
140 C4 12 02 30 02 —819+34 —13.8+43 C4-(84)
146 C4 2.6 HN42 —61.0 £33 -17.8+4.7 (C4)-(G4*)
G4* 29 08
152 C4 1.9 NH42 -550+ 28 —265+39 C4-(Ad)
Al 2.7 N7
179 TS 2.0 02 28 02 ~106.2 £ 4.3 ~106+2.6 S5-T5-G4*
G4* 23 HN2i
181 G4* 1.9 06 —799 447 —180% 33 G4*-{A5*}
A5* 29 N7 2.7  HN&1
193 G4* 23 N3 —-8194+57 —-144+44 84*-G4*
196 T5 2.3 04 —55.2+41 =123+44 TS
211 A5* 23 HNS61 —606+33 ~27.3+51 A5*
219 A5* 3.0 HN61 -260 4+ 78 —-339+50 (C6*)-(A5%)
Ceé* 28 HN42
252 G6 25 N3 26 N3 -90.8+£29 -11.5+26 S87-(G6)}
236 G6 2.3 HN21 -1005+£29 —-94+39 85%G6-A5"
A5* 23 N3 ’
243 G 20 06 28 08§ —-609+43 —107+25 GB-(C6*)-T5
Ce* 2.8 HN42
T5 28 04 28 04
258 C6* 1.9 NH4z -26.04 30 -317+£50 Ce*
276 G7* 19 086 —-69.4 £ 37 —-16.1x28 GT*-(G6)
G6 25 06 29 08
280 C7 1.8 HN42 712+ 37 —-146+28 C7-Gé
GE 24 N7
308 G7* 28 N3 23 N3 92033 -72+28 B86*-G7
309 A8 22 N3 —-8953x55 —62x42 S8-AB(GT}
GT* 24 HN21 .
352 T9 20 02 27 02 -843+41 -151+25 855-T9
91 To 1.9 04 —-834+ 39 0.9+ 50 T9-(A9*)
Ag* 28 HNs61

plicated by the fact that much water is located in the major and the minor
grooves. Such water has little resemblance to bulk water, since it is highly
structured, and therefore, its energy is not a “constant additive” contri-
bution to the energy curve.
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Fig. 9. Interaction energies of a water molecule with B-DNA in kJ/mol.

TRANSGROOVE AND INTERPHOSPHATE WATER
FILAMENTS

The complexity of the structure of water in the two grooves is evident
in Fig. 10, where we consider the water molecules enclosed in the volume
between two coaxial cylinders of radii 8 and 12 A, respectively; the figure
reports the water of only one-half of the eylinder volume on a y,2 projection.
To us the striking feature of this figure is clear evidence of hydrogen-bonded
water filaments from a phosphate group of h to a phosphate group of h*,
spanning the major groove (the filaments have nearly periodic rototrans-
lational symmetry) and of hydrogen-bonded water filaments connecting
two successive phosphate groups, from P(i) and P(i + 1) inthe h (and/or
h*) helix. We have previously commented on these filaments,® since they
are either implicit in the isoenergy maps or explicit in the A-DNA and
B-DNA single-helix Monte Carlo simulations; however, the limited number
of water molecules considered in our previous simulations limited the va-
lidity of our suggestion. We note that this feature—the existence of fila-
ments—has been previously encountered in ion pairs in solution.'”> We
feel that this feature is basic in any water solution containing ions and will
have profound consequences to the understanding of dynamical and tem-
perature-dependent properties of solutions with ions.

The hydrogen bonds shown in Fig. 10 were reported only if the oxygen—
oxygen distance (between two waters) is equal or smaller than 3.5 A, and
if the oxygen-hydrogen distance is smaller than the corresponding oxy-
gen-oxygen distance. Typical water filaments (Fig. 10) are formed by the
waters 310, 323, 343, 377, 388, and 399 linking P7 of h to P11* of h*; or 271,
266, 292, 304, 339, 357, 348, and 364 linking P6 of h to P10* of h*; or 220,
257, 288, 299, 328, and 340 linking P5 of h to P9* of h*. These are trans-
groove filaments. Other structured filaments are present and connect a
phosphate to a successive phosphate in the same helix. Notice, for ex-
ample, the water molecules for the interphosphate filaments 402, 384, 364,
and 394 from P11* and P10* and 364, 360, and 351 from P10* to P9*. In
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L

Fig. 10. Network of water molecules in: B-DNA (see text).

the above examples, waters 310 and 399 are terminal waters of a trans-
groove filament; the structure in the interphosphate filaments is different,
since filaments 402, 384, and 369 (from P11* to P10%) continue with waters
360 and 351, leading to P9*. Given that we are discussing a network
complex, there is some element of arbitrariness in defining terminal waters
in a fragment; however, the finding of two different structural organizations,
namely, the fransgroove filament and the interphosphate filaments, seems
firm. Itis stressed that these structures do not correspond to data obtained
by analyzing one or few conformations, but are statistically “stable” and
meaningful structures. It is very tempting to postulate that protons “are
transferred preferentially along these filaments”; hence, these filaments
are of importance in reactivity studies. These structures are “dynamical™
in the sense that a given structure can evolve into a different structure, at
relatively little expense for the total energy of the system.

G
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Number Water
Molecules/Nucleotide Unit

% Relative Humidity

Fig. 11. Simulated Monte Carlo partial {C) and tatal (@) isotherms at 300 K for B-DNA
and experimental Na*-DINA desorption {-- -} and adsorption (--) isotherms at 300 K.

ISOTHERM SIMULATION

Having briefly analyzed these microaspects of the DNA solvation, let
us now turn to the other extreme and analyze some macroaspect, in par-
ticular, the absorption and desorption isotherms. These have been studied
experimentally in depth.'3-# We refer, in addition, to the short but recent
review by Texter on this point.2 The absorption—desorption hysteresis
cannot be obtained directly from Monte Carlo simulations if the solute is
not allowed to structurally adjust itself to concentration variations of the
solvent. However, the hysteresis is a “fine detail” of the isotherm; the main
characteristic of the isotherm is the well-known sigmoidal shape. We note
that our simulation (447 water melecules) corresponds to 92% of relative
humidity, or 20.3 water molecules per nucleotide unit.'* If we start with
447 water molecules and subtract progressively an increasing number of
water molecules {(desorption simulation) without allowing the water mol-
ecules to rearrange, the simulated isotherm is not sigmoeidal but nearly

Number Water
Molecuies/Nucieotide Linit

0246 81W12141618
AE Roorganization {KJ/MOL}

Fig, 12. Reorganization energy of water molecules relative to a sample with 92% water
humidity (in B-DNA} at 300 K (see text).
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Fig. 13. Isoenergy maps for the interaction energy of one water molecule with B-DNA (right)
and Nat-B-DNA (left).

linear. If, however, we subtract water molecules and reperform Monte
Carlo simulations, then the water molecules can rearrange themselves: in
this case, the isotherm has a nicely sigmoidal shape (see Fig. 11). By con-
struction (see above), the simulated desorption and absorption isotherms
are equal. In Fig. 11 we have also reported the desorption and absorption
isotherms for Na-DNA.13 Clearly, the two experiments (our simulation
and the Na.DNA isotherms) should not be compared in an attempt to find
a one-to-one correspondence. In Fig. 12 we report the water reorganization
energy for the water molecules solvating B-DNA, namely, the energy dif-
ferences between Monte Carlo simulations with N water molecules (with
N < 447) and simulations with 447 water molecules. It is evident from Fig.
11 that the reorganization energy increases by decreasing the number of
molecules in the solvent, as clearly expected. In our new simulation we
have selected the following values for N: 333, 114, 44, and 22. Lowering
the relative humidity first brings about the elimination of weakly bound
water (from large R valuesto R = 13 &), then elimination of the transgroove
filaments, then of water from the vicinity of the bases and from the sugar,
and finally from the interphosphate filaments.

@
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Removal and/or rearrangement of the transgroove filaments brings about
a rearrangement of the B-DNA structure; that in turn induces a second
water rearrangement proportional to the width of the hystersis loop.
Therefore, simulation experiments of the type here reported coupled with
lahoratory isotherms experiments will allow differentiating between water
rearrangement and DNA-induced rearrangement. Unfortunately, this
comparison cannot be made with B-DNA without counterions.

B-DNA DOUBLE HELIX WITH NA' COUNTERIONS

Let us now briefly comment on some aspects of the solvation of the
Nat-DNA double helix, limiting ourselves to the qualitative findings based
on the iscenergy maps reported in Fig. 13. The 22 phosphate groups of our
B-DNA fragment have been neutralized by placing a Na* ion at the en-
ergy-minimum position of Na* interacting either with diethyl phosphate
or other phosphates. 2627 The four panels A-D on the left of Fig. 13 cor-
respond to isoenergy maps for a water molecule interacting with our B-DNA
fragment having one Na* ion at each phosphate (hereafter referred to as
Nat-B-DNA, for short). The four planes reported in the panels are mu-
tually parallel and contain the phosphate groups above the A-T* pair (A),
the A1-T1* pair (B), the phosphate group above the G2-C2* pair (C), and
the G2.C2* pair (D). The isoenergy maps in the four panels to the right
(A’-D’) are in corresponding planes for B-DNA. The contour corre-
sponding to —8.0 kcal/mol (outermost contour) is explicitly indicated; the
contour-to-contour energy difference is 2.0 keal/mol. Comparing A and
A’ in Fig. 13, we notice that the area delimited by the contour at —14.0
kcal/mol and hy the hard core (the most attractive region, shaded areasin
Fig. 13, panels A and A’) increases in the vicinity of the sugars and bases
in A relative to A’. The same feature is evident by comparing B with B’,
C with C’, and D with D’. In the maps of B, B’, C, C’, D, and IV, the contour
at —14.0 keal/mol is distinguished by heavier lines (relative to the remaining
contours}. As a consequence of the energy variations in the most attractive
regions, we expect that the water molecules in the minor and major grooves
will be more attracted in Na*-B-DNA than in B-DNA; the same comment
holds for the water solvating the base pairs. The large difference in the
contour maps between B-DNA and Nat-B-DNA ensures that there are
corresponding differences in the water structure, namely, (a) in the number
of water molecules solvating the first shell and (b) in the structure of the
hydrogen-bonded filaments, previously discussed. We can restate this
point in a different way. The type of reasoning presented to explain the
hysteresis in the isotherms is here advanced to support the expectation of
induced rearrangements in the DNA structure. However, the iscenergy
contour differences between Nat-B-DNA and B-DNA are very large;
therefore, we expect significant variations in the DNA structure, in
agreement with the experimentally well-known transitions from one con-
formation of DNA to another, induced by variations in the concentration
and/or type of counterions.
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CONCLUSIONS

It is known? that by increasing the relative humidity above ~90%, the
added water molecules exhibit a bulk-water-type behavior. Therefore,
our sample of 447 water molecules (corresponding to 92% relative humidity)
is sufficiently extended to describe in a meaningful way not only the first
solvation shell, but also the water moleculés enclosed in the major and minor
grooves. Additional water molecules would provide a better definition in
the energy diagram (Fig. 9) at large R values; however, several hundred
more water molecules would have to be added to describe only few ang-
stroms above R = 14.5 A.

The experimental sequence of hydration at different molecular sites!*
is reported to occur first at the two free oxygens atoms or POj, then at the
two bonded oxygen atoms of POy, then at the oxygen atom of the sugar,
and finally at the bases. These findings are corroborated both by our
simulation and complemented by energy data on the water-site interaction
energy. We find that the most attractive site is PO,~, followed by the sugar
unit, and finally by the bases. By combining the information of Figs. 1 and
8, one can distinguish between the two free-oxygen atoms and the two
bonded oxygen atoms in PO;. However, one must keep in mind the fact
that the PO; field is very attractive for water molecules, and therefore, a
sharp distinction in the attraction for a water meolecule from one of the two
types of oxygen atoms independently from the other is not too meaningful.
On the other hand, we recall that the field near the two free oxygen atoms
is reinforced by the field of the two bonded oxygen atoms, whereas the field
near the two bonded oxygen atoms is reinforced by the field of the two free
oxygen atoms but, at the same time, weakened by the field of the —CHa
group.

The number of water molecules solvating the POJ group at room tem-
perature has been estimated!* to be hetween 5 and 6 in DNA neutralized
by Na* counterions; our simulation vields 5.9 water molecules for B-DNA
double helix without counterions.

Indirect experimental evidence (angular distribution of near elastic
scattering by neutron diffraction®) suggests the existence of transgroove
water molecules (preferential orientation along the main DNA axis). In
our simulation we have provided detailed information on the transgroove
water molecules, and we have shown that these form water molecule fila-
ments, hydrogen-bonded, connecting a phosphate group at one side of the
major groove with another phosphate group at the opposite site of the major
groove. In addition to the transgroove water molecule filaments, there are
interphosphate filaments, shorter in length than thase of the transgroove
one. The highly ordered texture of water molecules is intimately connected
with the B-DNA structure and stability and will clearly change for con-
formational transitions in B-DNA. (For additional discussions, see Ref.
29.)

Finally, by providing the isotherm of B-DNA double helix we have
opened the way to the possibility of comparing isotherms in B-DNA either
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with or without counterions. In our opinion, such comparisons are essential
in order to differentiate between the “water-recrganization” contribution
and the counterion contribution to conformational transitions.™ This
differentiation is of importance for any detailed explanation of the mech-
anisms associated with the absorption-desorption hystereses. In a paper
to follow, we shall present a detailed analysis of water molecules solvating
B-DNA with Na* counterions and a very detailed comparison with the
water organizations at different relative humidities.??
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Simulations of the Solvent Structure for
Macromolecules. II. Strueture of Water
Solvating Na+-B-DNA at 300 K and a Model for
Conformational Transitions Induced by Solvent
Variations

GIORGINA CORONGIU* and ENRICO CLEMENTL' IBM DFPG,
Department B28, Building 703-1, P.O. Box 390, Poughkeepsie,
New York 12602

Synopsis

The structure of water and its interaction energy with a fragment of B-DNA composed of
12 base pairs and of the corresponding 24 sugar and 22 phosphate units and Na* ions (one
at each phosphate group) are analyzed using Monte Carlo simulations. The sample of water
molecules, at the simulated temperature of 300 K, is composed of 447 water molecules. The
results are discussed either in terms of statistical analyses over the 2,000,000 simulated con-
formations (after equilibration) or with reference to an “average configuration.” Comparison
is made to a simulation previously presented for the same system but without counterions.
Isotherm at different relative humidity, hydration, and reactivity scales for different sites,
the hydration number at each site, the structure of intraphosphate and interphosphate hy-
drogen-bonded filaments of water are reported and discussed. The stabilization of the B-
conformation induced by the sclvent with counterion (“ion-induced compression effect”)
is analyzed on the base of the above findings. A preliminary model to predict conformational
transition in DNA is presented. The analyses reported are very detailed to allow refined
interpretations of spectroscopic (infrared, Raman, and nmr) and scattering (x-ray and neutron
beam) data on DNA ir solution.

INTRODUCTION

In the previous paper! of this series we have considered aspects of the
solvation problem for a B-DNA double-helix fragment composed of 12 base
pairs and of the cortesponding 24 sugar and 22 phosphate units. Prelim-
inary studies on the solvation of the A- and B-DNA single helix®? have been
presented previously. In this work the PO units have been neutralized
with Na*+ counterions. As known, the double helix either in sclution or in
fibers is stabilized by the presence of counterions, Preliminary data con-
cerning the stabilization induced by Na* counterions have been presented
in Ref. 1 and in a recent monograph. As previously done, we use the Monte
Carlo techniques and ab initio derived atom-atom pair potentials, and a
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Biopolymers, Val. 20, 2427-2483 {1981) ’
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variable number of water molecules (up to 447) to simulate the hydration
at several relative humidity values; all computations are performed at a
simulated temperature of 300 K,

For the B-DNA fragment's geometrical characterization, we refer to Ref.
1. In this work the Na* ion is placed near the free oxygens of POy at its
minimum-gnergy position (the Nat atom-pair-potentials with model
compounds containing the PO; group are obtained in our standard way).1-6
The ion is kept at this fixed position during the Monte Carlo simulation;
this is a reasonable approximation, because the very strong attraction from
PO; and Na* yields a well-pronounced, localized, and deep minimum (see
last section). Since, however, alternative positions for the Na* counterions
could be considered, as later discussed in this paper, we present this com-
putation as a model study rather than as a realistic simulation, which would
require the Nat counterions positions not to be fixed as input but to be
determined by the Monte Carlo technique. Clearly, such simulation would
require a notable increage in computer time, not only because 22 particles
(the ions) are added to the system, but mainly because the repositioning
of one ion brings about the need to relocate its solvation shell. (In other
words, one has reason to expect a very slow convergence.)

We recall (see Ref. 1) that the water molecules are enclosed in a cylin-
drical volume, coaxial to the long axis (Z axis) of Na*-B-DNA double-helix
fragment; we also recall that a full B-DNA turn requires 10 base pairs,”
rather than the 12 we have used (the top and bottom ones are added to
render more realistic the boundary conditions in our simulation). The
sequence in our fragment is A-T, T-A, G-C, A-T, C-G, T-A, G-C, C-G, AT,
T-A, C-G, G-C (see Ref. 7).

In this paper we discuss the structure of water at high relative humidity
(447 water molecules, or about 95% relative humidity®), either making use
of statistical analyses or with reference to an “average” water configuration.
We also discuss the structure of water in the grooves and present an analysis
relevant to the adsorption—-desorption isetherms and a model for confor-
mation transitions. Lastly, we point out the limitations and approxima-
tions of this computational-theoretical treatment.

STRUCTURE OF BOUND WATER AT HIGH RELATIVE
HUMIDITY: STATISTICAL ANALYSES

The water structure at high humidity (447 water molecules) is analyzed
in greater detail, since it corresponds to a situation expected to be rather
near to the one for Na*-B-DNA in physiclogical solution; low humidity is
of interest mainly for comparison with physical-chemical (rather than
biological) experiments, for example, on DNA fibers. The two helix and
the constituent chemical groups are differentiated in this paper by the
presence or absence of an asterisk; thus, for example, P(n) and P*(n), G(n)
and G(n}* refer to the nth phosphate group or to nth base (guanine) of
sither the h or the h* helix, namely, the two strands forming the double

=

SOLVENT STRUCTURE FOR MACROMOLECULES. II 2429

helix, Water molecules are labeled with an index (from 1 to 447), and
generally, a water molecule with an index m has its oxygen atom above
(projection on the Z-axis) any water molecule with an index value larger
than m, Water molecules are not represented by providing the oxygen and
the hydrogen probability density maps {cumbersome for interpretation
and unyielding as input data for statistical analysis) bui with the more
familiar three-sphere representation obtained, however, with the new al-
gorithm explained in Ref. 1. Thus, the ORTEP-like representation does
not refer to a single configuration but is statistically meaningful, since it
is obtained as an average of many thousand configurations; such configu-
ration is hereafter referred to as “average configuration.” The Monte
Carlo starting configuration is selected to be the final configuration from
the B-DNA study (see Ref. 1), afier having carved out a few water molecules
in the vicinity of Na* (these are initially placed near the houndary of the
cylindrical volume). This starting configuration allows us to obtain con-
vergence with about 2000 moves per water molecule. The statistical data
below reported are obtained by collecting additional 2000-5000 moves per
water molecule and by disregarding all the “moves” prior to convergence.
For low relative humidity, the atiraction by PO; and Na* to the relatively
few water molecules being very strong, one could expect that the above
number of “moves” is unnecessarily too large. This intuitive notion is,
however, incorrect, since the sample with few water molecules interacting
with the DNA fragments has more freedom of motion (for a given water
molecule) than a sample with many water molecules.

In Fig. 1, we present the histogram for the number of oxygen {(or hydro-
gen) atoms, N(i), (i = O or; = H) with a distance B (i — a) from the nearest
atom ¢ of Na*-B-DNA. The R (i — a) value is obtained by comparing the
distances from the water ators to the Na*-B-DNA atoms and by selecting
the @ atom corresponding to the shorter distance. Comparing this histo-
gram, with the equivalent one for B-DNA (see Fig. 1 of Ref. 1), we notice
a broad oxygen atom peak with a maximum at about R(O-a)=254and

40[ A

i
l ¢
it
30’_. T
= PN
5 AN
fif il
20 SHEANS )
R/ Ao Rii-a) in A
P HUaa A A -8) in
1\ B R
10 ' . U
"I lk
| K AaA

1 2 3 4 5 [] 7 8 []
Fig. 1. Distribution of water molecules in Na*-B-DNA. Distance of oxygen (solid line)
and hydrogen atoms (dotted line) from nearest atom in Na+-B-DNA fragment.
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extending up to somewhat more than 3.0 A and three (no longer symmet-
rically placed) peaks at about R(H — a) = 1.8, 2.1, and 2.8 A. Taking as
first shell all the water molecules up to about (G — a} = 3.0 &, we conclude
that there are more water molecules in Na*-B-DNAs first shell (with both
hydrogen atoms pointing away from Na*-B-DNA) than in B-DNA. The
reasons for the hydrogen atom orientation is to be found in the different
orientation assumed by a water molecule in the field of Na* ions®11 relative
to the orientation in the field of the PO; group.® From Fig. 1 we note a
richer fine structure in Na*-B-DNA than in B-DNA, especially in the region
between R(i — ¢) = 3.0 Aand R(i — @) = 9.0 A, suggesting a more structured
water pattern; in the region R(i — a) = 0.0 Ato R(i — @) = 3.0 4, the inte-
grated area of the distribution N{f) versus R(i — a) is larger than for the
equivalent histogram in B-DNA, giving evidences of more densely packed
water. The ion-induced compression effect is fully expected on the basis
of the energetic differences for a water molecule in Nat-B-DNA, relative
to a water molecule in B-DNA as discussed in Ref. 1. Less qualitatively,
we obtain for B-DNA,

Rz
n(0) = j; N(O)dR =176 forR; =0.0Aand R, =304
1

R
n(H) = J; *NH)dR =373 forR, =00Aand Ry = 3.0 A
1
and for Na*-B-DNA,

Rz
nH0) = J; N(O)dR =211  forR,=00AandR,=3.0A
1

Re
n’(H) = j; N{H) dR = 418 for Ry =00Aand Ry =304
1

Clearly, the corresponding integrals from Ry = 3.0to By = 14.5 & are as
follows:

B-DNA
m{0) = 447 — n{0) = 271
m(H) = 894 — n(H) = 521
Nat-B-DNA
m’(0) = 447 — n’(0) = 236
m’(H) = 894 — n’(H) = 476
In conclusion, considering a distance up to R = 3.0 A from the nearest atoms
of the solute, we find 176 water molecules (and 21 residual hydrogen atoms,
belonging to other water molecules) in B-DNA; this number increases to
209 (and two residual oxygen atoms) in Na*-B-DNA. Alternatively stated,

the 22 Na* ions in B-DNA have crowded in about 30 additional water
molecules into the first solvation shell {(or about 1.5 water molecules per

N
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Na* ion) relative to B-DNA. It is noted that the distance of 3 A, obtained
from Fig. 1, also appears in the early literature on DNA solvation, partic-
ularly in the notable work by Lewin,!2

An obvious consequence (as we shall later discuss in detail) of the ion-
induced compression effect is that the double-helix conformation is ster-
ically stabilized relative to a less packed situation (for example, B-DNA
without counterions). A second obvious consequence is that the jon-in-
duced compression effect must be some function of the counterion inter-
action energy with water; thus it wilt vary from ion to ion. Experimentally,
it is well known that temperature, relative humidity, ionic concentration,
and specificity are the variables capable of inducing ¢conformational tran-
sition in DNA.

A complementary global analysis on the structure of water in Na*-B-
DNA and in B-DNA can be obtained by considering the number of water
molecules enclosed in the volume between two coaxial eylinders, with the
main axis coincident with the B-DNA fragment’s main axis (Z direction).
We designate as R(;) and R(o) the radius of the inside and of the cutside
cylinders, and we select AR = R(0) — R({) = 0.2 A. The resulting diagrams
for the hydrogen probability distribution as function of R (dashed line) and
for the oxygen atom (full line) are reported in Fig. 2 for B-DNA and in Fig.
3for Nat-B-DNA. These diagrams can also be compared with isoenergy
contour maps, previously reported for A-DNA, B-DNA double or single
helixg2—413-16

In the figures we report the probability distribution for the 447 water
molecules (“total” distribution), a partial distribution related to the water
molecules bound to hydrophilic sites (“bound” water molecules distribu-
tion) and a second partial distribution (“remainder”) defined as the dif-
ference between “total” minus “bound” distributions.

We recall that in the first solvation shell one finds water molecules near
to hydrophobic sites, generally acting as bridges between hydrophilic sites.
Thus, the “first solvation shell” distribution contains the “bound” dis-
tribution and additional water molecules. The difference between the
“total” and “the first solvation shell” distributions provides the “groove”
distribution. It is clearly a matter of taste to speculate how much a “groove
distribution™ coincides with “second and third solvation shell distribu-
tions.” We have opted for the “groove” terminology, since it allows further
differentiation between major and minor groove, a distinction of relevance
in discussing polynueleic acids. Lewin!2 subdivides the major groove’s
water molecules into three belts (upper, middle, and lower); our subdivision
i8 about equivalent, since the water molecules of the upper and lower belts
correspond essentially to our first solvation shell’s water molecules.

In Figs. 2 and 3 we report details of the distribution around specific
groups (hereafter referred as “site analyses”}, namely, the N:, NH,, CO
sites of the hases, the oxygen O1’ of the sugar, the bound exygen 0% of PO7,
the two free oxygens O2P and O1P of PO7, and Nat. In the abscissa we
report R in A, and in the ordinate we plot the number of oxygen (or hy-
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Fig. 2. Probability distributions for {447) water molecule’s hydrogen and oxygen atoms
as function of R in solvated B-DNA at 300 K. The three inserts at the top refer to total,
“bound” water and “temainder” distribution (left to right}.

drogen) atoms contained in the previously described volume element de-
fined by £(i) and R({) + 0.2 A. Since (as previously pointed out, see Refs.
1-6, 14-16} a given water molecule can belong to the first solvation shell
of more than one atom (of solute), the distributions of the water molecules
for the N:, NHy, CO, 0V, 03, 02P, O1P, and Na* groups are not addi-
tive.

The diagrams presented in Figs. 2 and 3 are “high-resolution” diagrams
obtained by analyzing all the conformations computed in the Monte Carlo
simulation; the resolution is about 0.2 A, “Low-resolution” diagrams can
be obtained much more easily and cheaply by analyzing the water distri-
bution in the “average conformation™ and/or by considering a volume de-
fined by R and R + 0.5 A (as done in Refs. 1 and 4}); the resolution is about
0.5 A, High- and low-resolution analyses are complementary, since the
first provides accurate quantitative data of not too easy interpretation,
whereas the latter provides less accurate data that can, however, be im-
mediately visualized.

We note that since a water molecule is influenced by the entire field of
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Fig. 3. Probability distributions for (447) water molecule’s hydrogen and oxygen atoms
83 function of B in solvated Na*-B-DNA at 300 K {see Fig. 2 caption).

the DNA fragment, there is necessarily an element of ambiguity in deciding
if a given water molecule “solvates™ only a given site, unless an exact defi-
nition is provided. - Qur selection criteria in assigning a water molecule as
“bound” to a given atom ¢ of the B-DNA fragment are: (1) the OXygen
atom of water and the atom e internuclear separation, R{a,0), must be
smaller or equal to a threshold value T(z,0); and (2} one hydrogen atom
of a given water molecule and the atom g internuclear sepatation, R (a,H)
must be compared to a threshold value T{a,H) to ensure the proper or-
ientation of that water molecule relative to atom a. In this way we can
distinguish the case a—H-O from the case a—O-H {for example N: (in
a base) from H of NHy].

In Fig. 4 we report the projection onto the X-Y plane of the third (A3-
‘T3*} and fourth (C4.G4*) base pairs of our fragment (and the corresponding
sugar-phosphate groups} in order to clarify our definitions of bound water,
first solvation shell water, and groove water. The thick solid line, composed
by a family of circumferences of radius 7'(z,0) and enclosing either A3-T3*
or C4-G4*, represents regions of “‘bound” water molecules. A number of
atoms a have been identified in the figure with a larger dot to represent the
nuclear position and the radius origin. Some of the spheres are inside the
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Fig. 4. First solvation shell decorhposition. Example for two subunits of the Na+-B-DNA
fragment,

thick solid line, like O3 in A3-T3* and O2P, 05/, N3, N5 in C4-G4*, One
can notice at a glance the strong overlap of these spheres, and this fact
constitutes the main reason for the “nonadditivity,” namely, the total
number of water molecules found to be bound to be DNA fragment is
smaller than the sum of the numbers of water molecules found to be bound
to the atoms composing the DNA fragment. However, the “orientation”
criterion imposed on the hydrogen atoms {threshold T{(a,H)} reduces the
above inconvenience considerably. The shaded areas at the periphery of
A3 T3* and C4-G4* refer to water molecules in the first solvation shell but
not bound to hydrophilic sites (see, for example, the area for CHg of thymine
in A3-T3*). Water molecules in this volume might be counted more than
once in our analyses, once as being in the first solvation shell (for example,
CHj; for T3*) and once as being bound to a given nearby site. Finally, in
C4-G4*, we have presented two PO;-Nat groups near to guanine, G4*,

20
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",Noiice the overlap of O1P (at one phoéphat.e group) with Nat-(on the sec-

ond group), or the overlap of O2P at one group with 05’ at the second group.
Thus, we stress once more that a water molecule should not be physically
associated to a single site; its location and orientation are due to the entire
field of the fragment. An assignment is, however, essential in interpreting

_ the experimental data, in particular ir, Raman, and scattering data, and

also very important in describing and understanding the solvent struc-
ture.

In Figs. 2 and 3 the oxygen atom peaks are identified with capital letters,
A,B,...,U, and the hydrogen atom peaks are identified with lower-case
letters a, b, . ..,z For the site diagrams (nonadditive, see bottom of Fig.
2), the peaks are indicated with numerals.

Before analyzing the distribution data in Figs. 2 and 3, we explain the
main features of Figs. 5 and 6. For each probability distribution (Figs. 2
and 3) there is a corresponding energy distribution, reported in Figs. 5 and
6. The energy units are kJ/mol. The minima in the energy distribution
are given by capital letters for the “total,” “bound,” and “remainder” wa-
ters, by numerical indices in the “site” analyses. The energy distributions
are given as full lines or as dashed lines depending on the statistical sig-
nificance of the energy. For example, in Fig. 5, the energy distribution for
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Fig. 5. Energy distributions (in kd/mol) versus R (in A) for the water molecules solvating
B-DNA at 300 K. Top, middle, and bottom left for “total” distribution, “bound” water, and
“remainder,” respectively; the other inserts refer to specific “site” distributions.
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Fig. 6. Energy distribution (in kJ/mol) versus R (in A) for the water molecules solvating
Na*-B-DNA at 300 K (see caption of Fig. 5),

the N: atoms (bases) shows two minima, designated as 1 and 2; the cor-
responding probability density distribution (Fig. 2) is low in the interval
R =2-4 A; therefore the corresponding energy distribution is statistically
bot too meaningful and is reported as a dotted line rather than a full
line.

The analyses of Figs. 2, 3, 5, and 6 are facilitated by recalling the R value
of a few important groups or atoms of the DNA fragments (where R is the
distance of a given DNA atom from the long axis of DNA). For adenine
the two hydrogen atoms of NHy are at B = 1.8 and 2.8 A, and the lone-pair
nitrogen atoms are at & = 3.2 (N3) and 4.0 A {N7). Forcytosine the two
hydrogen atoms of NHy are at K = 2.1 and 3.7 A, and the OxXygen atom at
R =374(02). For guanine the two hydrogen atoms of NH;areatR =
3.0 and 4.0 A, the two lone-pair nitrogen areat R = 3.3 (N3) and R = 3.9
A (N7), and the oxygen atom at R = 1.7 A (06). For thymine one oxygen
atomisat R = 2.8 A (04) and the otheris at R = 3.6 A (02). These are not
the only possible bonding sites for single bases or bage pairs in solution. As
known, more sites are available in solutioné for separated base pairs; these
are not present in B-DNA, mainly because of steric hindrance (base-pair
stacking and the presence of the sugar groups). For the sugar the oxygen
atomOl'isat R =6.2A. Forthe phosphate groups the two free oxygen
atoms areat R = 10.2{01P)and R = 9.1 & (O2P), whereas the two bound
oxygen atoms are at R = 6.7 (05') and at R = 8.8 & (03"); we recall that 05’
is near the CH, hydrophobic group. The sodium ions are placed as pre-
viously discussed at R = 10.7 A.

With all the above in mind, we can now analyze the data of Figs. 2,3, 5,
and 8. Let us start by comparing the total distributions of the 447 water
molecules in B-DNA and in Na*+-B-DNA (top-left inserts in Figs. 2 and 3).
We notice a set of peaks for the hydrogen and oxygen atoms; the two higher
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peaks for the oxygens (peaks K and I) at R = 10.8 and 11.7 A for Na*-B-
DNA can be compared to the highest peak, Uat B = 14.2 A in B-DNA. The
shift confirms the ion-induced compression effect, previously mentioned
in analyzing Fig. 1 {or forecasted in previous computations, Refs. 14, 14},
Equally evident is the main overall feature in the hydrogen distribution
(relative to the oxygen distribution); the hydrogens are shifted toward
smaller R values in B-DNA than in Na+-B-DNA; in addition, the B-DNA
and the Na*-B-DNA patterns of peaks are different. A peak-by-peak
identification cannot be made without reference to the distributions of the
remainder water (Figs. 2 and 3, top-middle inserts) and of the bound water
malecules (Figs. 2 and 3, top-right inserts). By integration of the “bound”
distribution, we find that in B-DNA, 157 + 2 water molecules out of the 447
are bound water. The remainder water population increases with R {as
tully expected), with a characteristic pattern (peaks M to U in B-DNA,M
to Y in Na*-B-DNA}. By comparing Na*-B-DINA with B-DNA we notice
that the remainder clearly shows the ion-induced compression effect. This
is to be expected; indeed, these molecules can be compressed more readily
than the bound molecules, the latter being trapped at the sites, that is, at
the most intense and attractive field region, as shown by the energy dis-
tributions for the water molecules in the remainder relative to those in the
bound (see also Figs. 5 and 6, the three left-hand ingerts).

The presence of the counterion brings about another global effect: in
Nat-B-DNA the bound water molecules have approximately a constant
energy attraction from R = 4.0 to 12.0 A, whereas in B-DNA the bound
water molecules are more attracted at B = 13.0 than at lower values of R,
Thus, the counterion brings about an overall increase in the attraction for
all the water molecules, and this effect is more prominent for the water
molecules near the base pairs than for those at large R values. Another
important feature is that the remainder water molecules show the lowest
energy at B = 6.0 in Na*-B-DNA (minima M and N), whereas the lowest
energy is between R = 6.0, and 11.0 A in B-DNA (minima N, P, Q, and R).
We draw two conclusions from this observation. First, a molecule (for
example, a carcinogenic or an anticarcinogenic molecule with polar groups)
is expected to be “pressed” toward the base pair by the field of the coun-
terions, displacing the groove’s water molecules. Second, theoretical
computations on carcinogenic or anticarcinogenic compounds performed
on models where only a single base or a base pair are considered, rather than
a full fragment of DNA with its counterions, might not be relevant to
problems related to DNA interactions with such compounds, unless, case
by case, it has been demonstrated quantitatively that the solvent and
counterions effects are smail relative to the computed interactions between
DNA and the compound (at the temperature considered),

Let us continue with the analyses of the data in Figs. 2-6: inthis section
we shall focus on the bound water molecules. - To understand the density
distribution, peak by peak, and the energy minima, we have to consider the
sites analyses reported in Figs. 2-6. Let us start with B-DNA (Fig. 2,
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top-right insert and the seven small inserts at the bottom). Peak A is
formed by peak 6 of NHz and by peak 13 of CQ; peak B by peak 11 of NHg;
peak C by peak 3 of N, peak 8 of NHy, peak 18 of O1” and peak 16 of CO;
peak D is formed by peak 29 of O2P and peak 20 of O1’; peak E by the right
shoulder of peak 29 of O2P (not identified by a number); peak F by peak
924 of OF, peak 31 of O2P (the peaks at R = 8.8,9.3,9.8, and 10.2 A have been
labeled collectively as peak 31 in O2P), and the beginning of peak 35 of O1P;
peak (G mainly by peak 31 of O2P, peak 24 of 03’, and peak 35 of O1P; peak
H by peaks 35 of O1P, 31 of 02P, and 26 of 03'; peak I by peaks 35 of O1P
(the maximum of this peak), 34 of 02P, and 26 of 0'; and finally peak L
by peaks 38 of O1P [the low subpeak of L corresponds to the low subpeak
of peak 38 of O1P (at R = 13.0 A)]. Thus, each feature of the “bound” water
distribution is now fully identified. The same type of analyses can be made
for the hydrogen distribution of B-DNA and for the distributions of oxygen
and hydrogen atoms in Na*-B-DNA (supplementary data are available
from the authors upon request).

In Tables I-TV we condense the findings so far discussed. In these tables
additional site decompositions are presented relative to those given in Figs.
2 and 3, mainly to characterize further those sites known to be of basic
importance in problems related to carcinogenie activity and intercalations.
We have excluded from the analyses the top and the bottom base pairs
(AO-TO* and G11:G11*) and the connecting three-phosphate groups and
five-sugar units. The exclusion was made in order to delete possibly spu-
rious data due to boundary-condition artifacts. The water molecules at
the top and bottom boundaries are designated as Boundary type I or fype
2 depending on whether the binding is of type a-H-O or a-O. Table ]
presents water molecules bound to specific sites (like Q1P or O2P); Table
11 presents groups of sites (like all the oxygen atoms in PO; Table Il pre-
sents not only bound water molecules, but all those forming the first hy-
dration shell; and Table IV presents the water molecules around hydro-
phobic groups containing H atoms (-CH, CHy, and CHy) and is given to
allow further interpretation of ir or Raman and nmr studies at the carbon
atoms. The information provided by these self-explanatory tables
compared to the experimental data accumulated in the last 20 years can
be taken as an indication of the evolution in simulation techniques.

The “sharing” of water molecules at different sites has been pointed out
previously in single-helix (A- and B-DNA) solvation studies,?? as well as
by Lewin.!2 In this paper, a more definitive answer is provided. For ex-
ample, the sites at the bases (lines 6-9 in Table II) are solvated cumulatively
by 24.56 water molecules, but considering the sites, one by one, 40.09
molecules of water are involved, namely, about 40% (15.53) of the water
molecules are “shared.” The percentage of sharing in the water bound to
the phosphate sites (lines 7-10 and compositive analyses at line 11) is rather
small, and we interpret this fact as a consequence of our stringent criteria
for the thresholds T(a ~ H) and T{a — 0); relaxing these values we would
include “second” solvation shells, where the “sharing” is even more
prominent (see Refs. 4 and 11).

TABLE I
Solvation of B-DNA With and Witheut Counterions at T = 300 K: Water Population Bound to Sites and Its Interaction Energy (kJ/mol)?
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Na*-B-DNA
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Energy
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Energy
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—133.54
—141.97
-131.25
—124.92
—134.73
-139.87
—126.93
—120.87
—141.66
—136.07
-121.55
—139.84
—120.66
—151.03
—125.50
-142.77
—126.29
—130.72
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—130.84
—133.75

11.62
7.78

~106.94

14.99
0.00

Boundary (type 1)
Boundary {type 2)

Total

192.52

—103.87

158.87

20

I

= In the last column we report the number of times a given site is present in the fragment {excluding the top and bottom, which are considered in the

boundaries).
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By equating reactivity of a site, with the reported binding energies of
Tables I and II (a rather “extreme” correlation, however, since a study on
L BRESRERER the interaction of water with DNA, strictly speaking, should discuss only
] BREBIREE water molecules interacting with DNA), we obtain the following reactivity
1T TTYTrT1Th scales:
& = Nat-B-DNA
g g B-DNA (300 K) {300 K)
o = NH, C<A<G Same scale
s E 22232338 N: N7(G) < N7(A) = N3(A) < Same scale
HEEEFEEREEE N3(G)
3 0 04(T) < 06(G) < 02(C) < 02(T) Same scale
3 Base C=<A<T=G C<A<GKLT
?5 < Pairs (A-T) = (G:C) (G-C) < (AT)
=) 5 i
4
-§ E We note, however, that the reactivity between a given molecule and DNA
o E’ also depends on the sterical possibility for the molecule to interact at one
g % Ngomo 2w g of the above sites. Water molecules are rather small in volume and have
£ §| €88 E R 28 g a rather large dipole; these two factors must be kept in mind if one uses the
5| | rerrare g ahove reactivity scales.
= g In previous papers (Refs. 1-4, 16) we have discussed hydration scales;
> 8 < = Tables 1-I1I are sufficiently well organized so as to provide such scales
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Fig.7. Water molecules solvating the A3-T3* base pair and its sugar-phosphate—sodium

groups; “average” configuration.
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Fig. 8. Water molecules salvating the sodium-phosphate groups of the h* strand of Na*-
B-DNA; “average” configuration,

immediately and to allow comparison between B-DNA and Na*-B-DNA
at 300 K.

STRUCTURE OF WATER AT HIGH RELATIVE HUMIDITY:
“AVERAGE CONFIGURATION” REPRESENTATION

Let us now analyze the water structure making use of the “average con-
figuration” data. In Figs. 7 and 8, we analyze the water molecules either
included in a disk volume, 4.4 A thick (from Z = 12.1 to 7.7 A; see also Fig.
4in Ref. 1), or the water molecules hydrogen-bonded to the h* helix.

In Fig. 7, we report the third base pair A3'T3* and those water molecules
fully inside the disk. Several water molecules discussed below are only
partly within the disk and are not reported in figure; such molecules,
however, are reported in Tables V and VI. To simplify the figure we have
omitted the G2.C2* base pair immediately above A3-T'3* and the C4-G4*
base pair, immediately below, There are four phosphate groups in this disk,
P3, P4 (top of figure) and P3*, P4* (bottom of figure; see also Fig. 3). The
four Na* ions are indicated with a full dot connected to the free oxygen
atoms of POy by dashed lines. The P3 phosphate group is hydrogen-
bonded to water molecules 60, 100, 124, 132, and 133; the P4 phosphate
group is hydrogen-bonded to water molecules 95, 121, 160, 172, and 185;

SOLVENT STRUCTURE FOR MACROMOLECULES. II 2445

the P3* phosphate group is hydrogen-bonded to water molecules 73, 85,
105, 128, and 147; the P4* phosphate group is hydrogen-bonded to the water
molecules 109, 112, 131, and 156. The Na* ions are solvated as follows:
Na (3) is hydrogen-bonded to the water molecules 83, 97, and 126: Na+t
{4) to waters 122, 159, and 160; Na* (3)* to waters 74, 93, and 128; and
Na*(4)* to waters 123, 131, 167, and 169. Water molecules 128, 131, and
160 establish a hydrogen bond to both the phosphate and the Na* ion.
Concerning the base pairs, water molecule 91 is hydrogen-bonded to G2,
T3*, and C2*; 111 to A3; and 140 to T3* and G4*. The remaining water
molecules of Fig. 7 are either second or third shell solvation and therefore
fill the major or the minor groove.

In Fig. 8, we consider the water molecules hydrogen-bonded to the
Na*-POj groups in the h* helix; in the figure we have indicated the sugar
residues and the N atoms of the bases. Comparing this figure with Fig. 3
of Ref. 1, the denser water packing in Na*-B-DNA relative to B-DNA is
apparent.

In Figs. 9-12 we report the water molecules “bound” to the base-pairs
or in its immediate neighborhood. One of the base pairs {the one at higher
Z} is presented more markedly than the second, which lies immediately
below (looking from the Z-axis). From these figures the average position
and orientation of the water molecules solvating the base pair can be ob-
tained. These figures are to be compared with Figs. 4-7 of Ref. 1. We
recall that the data from the “average configuration” are low-resolution
data; on the other hand, these are more immediate than the high-resolution
data. The structure accepted by the water molecules represents the effect
of the totality of the forces acting on each water molecule, namely, the effect

Y B4 $1-G2-(S2)

- (@c@ 1
T 44 (304 |

L L1 1 b o I L L T S L 1 L

Fig. 9. Hydration of the first three base pairs in Na*-B-DNA; “average” configuration,
(1} T'A* and G-C* pairs; (2) G-C* and AT pairs.
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111 (A3)
_ (A3)-CH") S _
Or)-(A3-(64") (Tras |
i .

201 5a°

a 4,
L i b1 1 Il I 1 1 i 1T I 1 1 i I 1 1 1 1 1

Fig. 10. Hydration of third, fourth, and fifth base pairs in Na*-B-DNA; “average” con-
figuration. (3) A“T* and C-G* pairs; (4) C-G* and T-A* pairs.

of the interaction energy between a given water molecule and the rest of
the solute-solvent system. By shifting the stress from forces to interaction
energy we implicitly restrict ourself to a static representation (Monte
Carlo), and in this paper neglect the dynamic representation (molecular
dynamics). In the following we provide additional information on the

(S5)-(GE)-(S6)

- 5. + 6. 4

1 L L | 1 [l 1 1 L 1 L ! L 1 1 1

Fig. 11. Hydration in Na*-B-DNA of base pairs 5, 6, and 7; “average” configuration. (5)
T-A* and G-C* pairs; (6} G-C* and C-G* pairs.
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18 € 1
GHr-CW)

[ T e T
AR RS AT SO A VRN S S NP R

Fig. 12. Hydration in Na*-B-DNA of base pairs 7, 8, 9, and 18; “average” configuration.
(7) C-G* and A-T* pairs; (8) AT* and T-A* pairs; and (9) T-A* and C-G* pairs.

energy of a given water molecule obtained from the “average configuration,”
thus complementing the previous energetic analyses reported above. Each
“average” energy is obtained by combining a rather wide spectrum of
energies, associated to the “average” {and statistically meaningful) position
of the water molecule. Since the “average” water molecule is obtained by
considering (see Ref. 1) all the water molecules whose hydrogen and oxygen
atoms fall within a sphere of 0.5-A radius centered at either the “average”
hydrogen or the “average” oxygen nuclei, the corresponding energy me-
diates rotations and oscillations around the “average” position; with the
selected radius:.of 0.5 A, the reported energies correspond to a large sample
of water molecules, and therefore, the average standard deviation is
large.

This analysis should illustrate how easily one could be deceived by per-
forming computations, however accurate, but with neglect of temperature
averaging. Indeed, the energy differences associated with the “average”
water molecule (namely, the average standard deviation between the many
waters represented by the “average” water) can be of the same magnitude
as energy differences often assumed to be biologically significant.

In Tables V-VIII we provide data for the interaction energy of the first
shell water molecules solvating the PO; groups in the h (Table V}, and in
the h* helix (Table VI), the Na* ions in the h (Table VII) and h* helixes
(Table VIII); we then add the analyses of water molecules for the sugar unit
{Table IX) and the base pairs (Table X). In the tables we follow the fol-
lowing format; first, we give the site examined; then an index for the water
molecule, consistent with the figures index; then geometrical specification
on the hydrogen bond; then the water—total system interaction energy and
its mean standard deviation; and finally, the water-water interaction energy
and its mean standard deviation. For example, considering Table V, since
we deal with the interaction between a phosphate group and water mole-
cules, the geometrical data of interest are the distances R(H1) and R(H2)
between the water’s hydrogen atoms and the nearest oxygen atom on the
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phosphate. Looking at the first row of Table V, we learn that the phos-
phate group P1 is hydrogen-bhonded to water 14, which has one of the hy-
drogen atoms at 2.1 A from O1P and the second hydrogen atom at 3.3 A
from O1P; these are the shortest distances between the hydrogen atoms
on water and an oxygen of PO;. The water 14 is attracted to the Na*-B-
DNA fragment by an interaction of 140.9 + 5.0 kJ/mol, and its overall in-
teraction with the remaining 446 water molecules adds up to a repulsion
of 1.0 £ 4.5 kJ/mol, yielding a total attraction of 139.9 + 9.5 kJ/mol. The
standard deviation from the mean value is obtained by considering the
many water molecules that are used to define @ water molecule in the av-
erage conformation. In Tables VII and VIII the relevant geometrical
charaeterization is the distance between Na* and the oxygen atom of water;
when the water molecule is not only in the first solvation shell of Na* but
is also hydrogen-bonding a phosphate group, then an annctation is given
in the fourth column.

For the sugar units (Table IX), often the same water molecule is hydro-
gen-bonded to the sugar [S(n) or S(n)*] and at the same time to a base, as
found from the previous “statistical” analyses. For example, in the first
row of Table IX, water 54 is hydrogen-bonded to the oxygen atom of the
sugar residue S1 (2.0 &), to the sugar residue $2 (2.5 &), and to the base G2
(2.1 4). Water 54 is designated as 81-G2-(S2) to evidence the fact that the
distance of water 54 to 82 is rather large, and thus the interaction is rather
small. This notation has been explained in detail in Ref. 1, where the
equivalent to Tables V-X is given for B-DNA (without counterions).

For the base pairs (Table X} we find again that, in general, a water
molecule is hydrogen-bonded to more than a single base. For example,
in the third row of Table X, water 91 is hydrogen-honded to G2, T3*, and
C2*; the distances between the three atoms of water and the nearest atom
in G2, T3*, and C2* are 1.8, 2.2, and 2.3 A, respectively. In Figs. 9-12 we
provide a graphical representation for the water molecules interacting with
the base pairs (and with the sugar units). Each insert contains two suc-
cessive base pairs, the first one with full lines to indicate bonds and dashed
areas for the rings, the second one (located below the first one) with dashed
lines to indicate bonds.

The overall energetic characterization for the water molecules solvating
Na*-B-DNA obtained from the “average conformation” is reported in Fig.
13 (to be corapared with Fig. 9 of Ref. 1), where the interaction energy is
reported for the water molecules enclosed in the interface of two coaxial
eylinders differing by 0.5 A in the R radius. Approximately, five energy
minima are noted at R values 3.5, 5.0, 7.5, 9.0, and 10.5 A; two shallow
minima are at B = 11.5 and 12.5 A. As done in Ref, 1, the first three are
assigned to the interaction of water with the base pairs, base pair and sugar
bridges, and sugar units. The minima at 9.0 and 10.5 A should be compared
with the single minimum found for B-DNA at 11.0 A; the two shallow
minima should be compared with the clearly defined minimum at 12.0 A
inB-DNA. Theregion R = 8.5 to 12.5 A includes not only the water mol-
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TABLE IX
Water Molecules Solvating the Sugar Units in Na*-B-DNA®

Atom (2)

Name
51-G2-(82)

51+

E(W-W)

E{W-Na*-B-DNA)*

R
2.5

Atom (3)
52

R
21

R
2.0
18

2.2

Atom (1)
51

No.
54

—-153 + 4.6
~21.5 + 4.2
—16.8 £5.0
—229+ 5.3
—-10.9 + 2.7
-21.8 £ 6.3

-76+4.5

—8.0x45
—109+3.8
—22.6 £ 3.8
—146+ 4.5
=154 £ 4.0

—3.1+4.5

~120.0 + 5.5
—1159+ 24
—132.9+ 33
~120.24 34
—134.7+ 34
—141.8+ 4.2

G2

81

82+-Cz*
53*-G4*

S4*

19
19

Ca*

52+
33+
S4*
85

101
171
201

G4*

1.8

85-T5

1.9
2.1

1.9
2.1

204

85*-A5*-G6

56

4
1

-144.7 & 3.
—124.1 % 5

2.3

A5*

S5+
56

237
238
317
352
353
380

443

24
E8
1.6
17
1%
1.7

57-A8-G7*

58-T9
S7*-T8*

59

2.1

G

2.2

A8

ST

—121
—-131

S8

21

Ta*

87*
39

S10*

S10*

&R,in A; E, in kJ/mol,
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TABLE X
Water Molecules Solvating Bases or Base Pairs in Na*-B-DNA®

E(W-Nat-B-DNA)® E(W-W) Name

R

Atom €3)

Atom (1) R Atom (2) R

W No.

T1

-220% 24

-10L.7 £ 2.0

T1

33
7

cz*

-30.0 £ 36

-78.0 £ 3.5

C2*

(.
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“AVERAGE CONFIGURATION™ NA-B-DNA
2 Na~
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Fig. 13. Interaction energy for the 447-water-molecule simulation; “average” configura-
tion,

ecules around the Na*-POj groups, but also the water molecules in the
major and minor groove regions.

Comparing Figs, 5 and 13, we note a marked loss of information in the
latter. Figure 13, obtained as an average from the many thousand Monte
Carlo conformation, represents the “best possible single conformation”
(with temperature effects included). Today’s literature on “theoretical”
studies for solvation of biomolecules often neglects temperature averaging
and makes use of a “single configuration” (see, for example, Refs. 17, 18);
thus, the disagreement between such studies and the type of data given in
Fig. 5 is even more pronounced than the differences between the data of
Tig. 5 and those of Fig. 13. In addition, the literature often considers too
small a fragment and too few water molecules. For example, Pullman and
his group!® have analyzed the solvation of & three base-pair fragment of
B-DNA. The water molecules were placed one after the other at one-half
of the fragment and not all at cnee. The implicit assumption of these
authors is that the position for one water molecule does not depend on the
positions of the following ones, but mainly depends on the positions of the
previously placed water molecules. As known {see Ref. 20), this assumption
is incorrect. Since available experimental data did report that 4-6 water
molecules solvate a phosphate group, 17 water molecules were selected!?;
five were placed at each phosphate group and the remaining twe were
placed at the three base pairs. Unfortunately, this starting configuration
biases the final geometry output. Therefore, this simulation reports mainly
“boundary effects” (since the fragment is too small) at low-intermediate
relative humidity (since 17 water molecules are too few to describe high
humidity) and with temperature neglected. This type of computational
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study vields structural data not dissimilar from these obtained using
“sticks-and-ball” models, as clearly demonstrated in the early work by
Lewin.!2

STRUCTURE OF WATER IN THE GROOVES

We recall that in Ref. 1 we have detected intraphosphate water filaments
[connecting P(n) to P(n + 1) or P*(n} to P*(n + 1)] and interphosphate
water filaments [connecting P(n) to P*(m)]. In Na*-B-DNA the jon-
induced compression effect brings about an added feature relative to B-
DNA, namely, we observe hydrogen-bond crosslinking between inter-
phosphate water filaments,

In Fig. 14 we examine the structure of water in the minor and major
grooves, selecting waters with 8 < B < 13 A. The water molecules are

Fig. 14. Major and minor groove waters for the “average” configuration {from R = 8.0 to
13.0).
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projected onto the Y-Z plane, namely, a plane containing the long axis
(Z-axis) of DNA (see Fig. 15). We have selected those water molecules with
positive value for the X coordinate of the oxygen atom, The figure is seen
from the +X direction; the five atoms forming a phosphate group are re-
ported; full dots represent the two bound oxygen atoms O3 and 0%/,
whereas open dota represent the two free oxygen atoms Q1P and O2P. The
Na* ion is represented by a full dot. The space enclosed by two lines
passing through P3, P4, P5, P6, and P7 and through P&*, P9*, P10*, P11*
corresponds to the major groove; above and below it are portions of the
minor groove. Dotted lines between atoms of water molecules indicate a
water-water hydrogen bond.

For Na*-B-DNA the solvation pattern can be described either in terms
of crosslinked interphosphate water filaments or in terms of local cyclic
structures composed of about 5 + 2 water molecules, For example, the
water molecules 293, 321, 330, 359, 371 can be considered as an interphos-
phate filament; a second filament is formed by the water molecules 293,
327, 338, 350, 354, 375, 408. 'The crosslinking water molecules for these
two interphosphate filaments are water 354 and 375. Alternatively, cyclic
structure representations are given, for example, by the water molecules
327, 321, 330, 359, 375, 354, 350, 338 or 375, 359, 371, 393, 403. At this stage
we do not see any reason to prefer the crosslinked filament “model” over
the cyclic structure “model,” and therefore, we rather stress the equivalence
of the two alternative descriptions. These findings and those previously
reported (Ref. 4, pp. 152-175) can be compared with the data by Neidle et
al.,”! keeping in mind, however, that our base-pair sequence is different
and our DNA fragment is not perturbed by intercalated molecules.

. \ RA)

- 1
0481216 180 240 280 320 360

Fig. 15. Grooves analyses: sectors and subvolumes (left), major and minor (dashed) grooves
(right); the bottom scale is seen from the — Y axis, the upper scale from the Y axis.
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The “low-resolution” structure of water molecules in the grooves is now
complemented with the “high-resolution” cbtained not from the “average”
configuration, but from a full statistical analysis on the 2 X 10 Monte Carlo
configurations.

First, we partition the water molecules into those belonging either to the
major or minor groove. The cylinder containing the solvent-solute system
is subdivided into sectors (see Fig. 15, left insert). For a full B-DNA turn
there are N sectors of angle & and a height (along Z) equal to 13.72 A for
the minor groove and 20.08 A for the major groove; for a full B-DNA turn
there are 360/a = N sectors (in Fig. 15 we have represented five sectors in
the minor groove), We select a clockwise rotation for a (witha =0for y
= 0 and x positive, see left side of Fig. 15). Finally, to increase the reso-
lution in locating a water molecule in the grooves, each sector is partiticned
into four subvolumes, as indicated at the bottom left insert of Pig. 15, by
subdividing R into four segments, namely 0.0 < R < 4.0 A 405 R <80
A,80<R <1204, and 120 <R <R (max) = 145A. On the right insert
of Fig, 15 we report the phosphorous atoms of the h and h* strands; these
atoms are on a cylindrical surface and have been projected onto the XZ
plane. When o increases from 0° to 180° {or 180° to 360°), we consider
all those water molecules with a negative (or positive) value for Y. We
count the water molecules which fall into the four subvolumes of a given
sector, neglecting, however, those assigned to the first solvation shell.
(Therefore, only true “groove” molecules are considered.) After several
trials we have selected & = 4° as the value yvielding a clear graphic repre-
sentation, which is reported for the major groove in Fig. 16. [The values
reported on the abscissa follow the definition used in Fig. 15; the dashed
vertical lines identify the position for the P* atoms (of the h* strand), and
the markings at the top of the figure identify the position for the P atoms

aLNl‘-B—DNA b ‘ b : P : ‘ ! " Nw=16.82
r Do bt e E=10428
§ 1—4(!1{84 NS TS N V. WY, W T :
ar oo [ R ! R
g [B-0ONa L o Do Nw=9.22
g Ll A MMAC A L bt o4 E=-46.83
3 A
E LN.‘.B-DNA: (- AMMMW{ Do (NweTA2
1 R | ¥ W ! iy
£ Fecpciz-—rAA AANMVINVWIVIVURIVIAT AMMM |E=-9222
S Ot I B B B R " YP
5 1t AN | A A R
c AmMAmM,J\!\M VXS ikl
g Mnate-onal | 0 Loy Dol iNwesaal
1t Do : ‘ - b
2 [12¢Rc14s : , . ] ia o E-9258
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Fig. 16. Probability distributions for water molecules in B-DNA and Na*-B-DNA in the
major groove (see Fig. 15): only groove water molecules are considered.

@)

SOLVENT STRUCTURE FOR MACROMOLECULES. II 2463

(of the h strand).] In the figure we compare Na*t-B-DNA with B-DNA.
In the region 0.0 < R < 4.0 A there is 1o groove water, as previously pointed
out, for example, by considering isoenergy maps (see Refs. 4, 15, 16).

The number of water molecules (N,;) and the average interaction energy
per water molecule, E (in kJd/mol) varies with R reported in Table XI, from
which data we learn a new feature of the packing of the water molecules in
the grooves. The interaction energy in the minor groove is larger than in
the major groove. (This is expected, because the attractive sites are closer
in the minor groove.) For B-DNA the interaction energy is nearly constant
in the major groove, as previously predicted,!*16 but it increases sharply
by decreasing R for Na*-B-DNA. Thus, the groove can be seen as channels
to convey reactants to the base pairs; the “flow” in such channels depends
both on the counterion position and specificity and on sterical factors of
the reactant.

In Fig. 16 a more detailed representation of the “groove” water molecules
in the major groove is given. An equivalent diagram for the minor groove
shows the same periodicity of peaks but with lower intensity; these peaks
represent the “intraphosphate” filaments previously discussed.!] The gross
characterization of the intensity distribution given in Fig. 16 is the nearly
periodic existence of peaks, approximately evenly spaced (Aa = 10°), well
developed in the regions 8 < R < 12and 12 < R < R (max) and both weakly
and inconsistently developed in the regicn 4 < R < 8 A, The pattern of
peaks clearly points out the existence of a structural organization which,
even if temperature-dependent, is not destroyed by thermal motion at room
temperature. Therefore, this patitern provides a strong support for the
old proposals by Szent Gyorgyi concerning an “ice”-type structure for
waters solvating biomolecules. The intensity of the peaks (ie., the number
of the water molecules bound to the phosphates) adds up to “filaments”
of about 5-7 water molecules. Since the filament is not fully oriented along
the Z-axis (see Fig. 14), a single peak should not be associated to one fila-
ment, but it is likely that two to three contiguous peaks participate to the
build-up of one “filament.” Again we recall the semantic question related
to the use of terms “filament” and “eyclic structure” pointed out at the
beginning of this section.

The number of water molecules, N, and the average interaction energy
per water molecule, E, considering not only the groove water but also the
first solvation shell water molecules, when partitioned into the sector’s
subvolumes, are as reported in Table XII. There one notices that the
distinction between major and minor groove extends outside the dimension
of the solute. Remembering that the Na* ions are at the periphery of
B-DNA (at B = 10.7 A), the groove structure extends into the liquid sur-
rounding DNA. We shall call “classical groove volume” the one up to R
=12.0 A and “extended groove volume” the one starting at B = 120 A, The
latter ends when E = —36 kJ/mol, namely, the bulk water value with R
equal to about 20-25 A, In Fig. 17 we report the water molecules present
in the major groove, consgidering not only “groove” water, but also first
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Fig. 17. Probability distributions for water molecules in B-DNA and Na*-B-DNA major
grooves: both first solvation shell and groove water molecules are considered.,

solvation shell water molecules. The peaks presented as dashed areas
correspond to groove water molecules; those presented as a line contour
correspond to groove and first solvation shell water molecules. To facili-
tate the understanding of the figure, some of the peaks are labeled with
. numerals. In the first subvolumes (0 < R < 4.0 A), most of the water
molecules are present as first solvation shell rather than as groove waters,
Peaks 1-3, 5-7, and 9-12 have a groove’s water contribution, at times very
small (for example, peak number 10); no groove contribution is sometime
present (for example, peaks 4, 8, and 13). In Na*.B-DNA the groove
contribution is larger than in B-DNA because of the ion compression effect,
The NH; groups for A and C are in the vicinity of peaks 1-3, 5, 8, 9, and
13-15; the O4(T) and the 08(G) atoms are in the vicinity of peaks 4, 5, 7,
11, and 12; and nitrogen lone-pairs (N7 of G and A) are in the vicinity of
the peaks 4, 6, 8, 9, 10, 12, and 13. Rotations of water molecules (and
thermal effects) are expected to be appreciable mainly for the water mol-
ecules corresponding to the dashed area.

In the subvolumes from R = 4 t08 A, each first solvation peak is enhanced
by groove water contributions {exceptions are at the .bou.ndaries). The peak
intensity is higher for Na+-B-DNA than for B-DNA, as expected. The
emerging picture is that a water filament starts as bound water, contintes
as groove water, and ends as bound water, in agreement with the previous
findings,

In the subvolumes from B = 12t0 14.5 A, the groove waters are respon-
sible for most of the intensity of the peaks, especially in Na*-B-DNA.

@
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WATER SOLVATION OF DNA AT LOW AND MEDIUM
RELATIVE HUMIDITY

In a previous paper! we analyzed aspects of the water organization at low
and intermediate relative humidity, The simulation, however, cannot be
tested with experimental data, since we selected a sample of B-DNA
without counterions. (For this reason, however, the simulations on B-DNA
have been performed after testing our method and our atom-atom pair
potentials with examples where experimental data are available.#!3) As
is known (see Refs, 8 and 22), in adsorption-desorption experiments, the
isotherm presents a characteristic growth curve, The experiments are
generally performed on DNA fibers, and in these conditions there are
several parameters to keep in mind, even at constant temperature, relative
humidity, and ionic concentration. By decreasing (or increasing) the
number of water molecules, there is a reorganization in the entire water
system. In addition, the relative position of the DNA units in the fiber
varies {a swallowing of the fiber is observed). Moreover, concomitant with
the reorganization of the water and of the DNA units within the fiber,
conformational variation in the DNA can occur. Finally, fiber diffraction
data are limited to about 3-A resolution. An advantage in simulating the
water structure arcund a fixed-geometry Na*-B-DNA fragment is that the
energetic and structural variations of the water system can be folowed,
without the worry of the notable additional complications associated with
the interactions of one DNA molecule (and its solvent) with other DNA
molecules in the fiber.

We precede the following analyses by reporting the average energies
computed by adding either 22, 44, 142, or 257 water molecules to the
Na*-B-DNA fragment. The results are reported in Tables XIII-X VI and
inFigs. 18and 19. A simulation performed with 371 water molecules was
performed but is not analyzed because it yields results very similar to those
analyzed for the case of 447 water molecules.

For 22 waters the sites of interest are Na*, O1P, and O2P: one water
molecule is bound to each PO;-Nat unit. One might have expected that
all the 22 waters are bound only to the Na* ions (or to either Q1P or 02P);
but from Table XIII one learns instead that a more involved pattern exists.
A water molecule is bound with about equal probability to Na+ and O2P
but less preferentially to O1P. The Q5 and 0% sites “donot participate”
{the analyses on O1P and O2P yield a sum of 17.80 water molecules (Tables
X1 and XIV); also considering 05’ and 03’ and the CH,, group does not
change this value. Essentially, two distributions are found, one with a
water bound both to Na* and O2P, and a second, less probable one with
a water bound both to Na* and O1P. The large water population counted
in the first solvation shell for the hydrogens H3 and H4 of the sugar atoms
is simply a recounting of the above water molecules {bound to PO;-Na*),
which can also be considered as if in the first hydration sphere of the sugar
atoms (shared area in Fig. 4).



b4

II 2469

SOLVENT STRUCTURE FOR MACROMOLECULES.,

CORONGIU AND CLEMENTI

2468

-Ajrpra

-y 3] Ju sajge) JUL[RAIDS Jof A1-] SAIqE, 835 “(SUONETRIMIS OIRD) P1UCJY 9Y3 UI j0u) [[TX QL] U PUF 213y pajsodal BjBp 513 10j S1RATRUE 3y U] o
TIIX 2[98J, jO Un[oD }81IF 31 JO JISqUINY aY) 0} spuodsadrod [edrrewny ysea ‘dnoid v u1 papn[au) S2)1s ay) AJIIUSPI U0 STY) UY STRISTING A, »

00008 00008 000021 QUOTIBUIIOIwO 'ON 9

G960 F 09051~ LEOF oTSPI— 62°0 F €261 — (&m)moL <1

10 F261~ 00 F I8 T- ET0F ¥9y— M-mEeL ¥

TFHe1— 0'gs B8°0F1— ov¥ 0¥ '€81— LSOr1 neysising g1

- 0o - 00 Ly'96— {5 sa80039 71

- 00 - 00 68°0¥1—  L¥O - 00 S9EET—~  OTFL  9¥9ET~  LLO OV T

- 00 - 00 G6'6ET—  BED - 00 81'961— 108 BE'LYI—-  EE0 D O
- 00 - 0o 8¥E¥I— 60 - 0o LE1ET- ¥OL ELTET—  ¥5°0 LY 6
- 00 — (o] - 00 - 00 9872ET- 067G ELTET— ¥50 L 8
- o0 - 00 6'6ET—  BE0 - 00 ovesl— 6L YEOPT—  ETO D 4
- 00 - o0 - o0 - 0o 88'TIET- €88 Uy~ 350 o 9
- 00 - 00 B¥gPI—~ 6070 — 00 LLRATA S A - 00 v
9079ST— 81T — 00 BE'BYI— 0872 - 0o E6'BET— 9219  BTIETI— 9971 s;ing-sammyg ¥
90"99T— 8T - 00 TT6F1- 16718 - 0o LUGET— 2265  €8°08T—  6TT1 siedng ¢
- 00 GLG9T— BR'BI - 0o SyPerI— 2088 S¥BII- OFE gV PeT—  EG7TT1 rer'g'v'e's @
09°681— 400 L¥9ST— BLLI ook €91 £9°6PI—  69'dE  SCIEI-—  9EEE  ISFPET— 91798 OT'SYET 1

jusmardwo)) punog - JuemarduIo)y punog Juawrajduaoe)) punog M=z oN
SATNOAOJN 1B M TT SANIAOW 4398 M TP . S3MIACW 1MeM TH 3o 8dnoany
311G Jo dnon [RYS UOTRIPAY 18] Y QOE 12 VN(-H-+BN 10j SUcHnqInsy] Apiun-»o pue -mnipapy
AlX TTdV.L
"BUICYE WIF0IpAY Aq 40 (J[NIVOT 1338m B 0} Papuoq-uaBolphy) g adky

10 [ 2d&y 301y13 Jo 5WOTR Aq PAWIO] 318 SILIUPUNDY AU, [ISUE UOHBIDAL J8I1) Y} SHUMINSUCD IojEm _ Juawapdmos, ai) Jo pte punog,, 3} jo wms sy, 4

- - ¥PS1I— 00°C2 - — 881 0¥y - - 08681~ LEOPT LA A 127
898F¥I— E0O0 - - 61—  LLO - - cL¥eT— LBS - - Ampunog-H 0%
- 00 S99%I—- We - ) GLLET— 0% 61901 ¥0'0 8T RET~ 95°L Azepunog-1] 61
SOBET— 00 EU051— 8873 G2'G81—  TPO 88°LET— eL'y 8%21- 6¥°2 84881~ 9711 Lrepanog-] 81
- (] - - vréEl—~  BE0 - - 98'8ET— La'n 4 - - DIOSH i1
- 00 - - - 00 - - 1P1e1- £ie - - JI08H 91
- 00 - - 86'T¥FI— 600 - - LO'SE1— a9l - - VIosH ST
- 00 T - - 00 - - BEEET— 069 - - LIOSH ¥1
- o0 - s - oo s - 91°6eT— S8'0 - - Si°IH g1
8E'EST—- €91 - — LE'Lvi—  $97¢ - — SOOPI~ 9%'Ye - - 830 82H g1
09°63T—  OS'IT - - 96'8FT— V6T - - 6L6ET— £F 1% - - SJOPH ‘EH 1
Lg'gr1~ 030 - - 89eFI—-  9E1 - — BZ921— 1081 - - I0d 1D 118
- 00 — o0 - 00 - 00 — 00 IT'8%1— [eA] D80 6
- 00 - 00 - 00 - o0 - (LX) ELTET— ¥5'0 L20 8
- 00 - 0 - 00 - [ LIOFT— G20 PEOF1- ET°0 D-HN L
- 00 - 00 - oo - 00 - 00 £8081— 61T g0 9
- 00 or9ri— %00 00'0¥FI— 100 S6'EFI— 8T'0 LE¥EI— SO'L 09511 28'gl £0 g
—_ 00 - o0 - o0 - 00 - 00 BYETI~ - 690 80 ¥
12ZF1~ W0 BF'BST— 9121 BT PR~ LET BE'ZOT— G081 LOLEE— 68°6 PEOPI- 8¥'Ge di0 €
ce8FI— 200 FUZYT— ¥9'9 LT'EET—  LE0 GO9I - 2t 21 1£'981— 94711 LVEET~  O9'T¥ d10 [
- o0 68°95T—  LEEI - 00 I8°8F1— 0L'ee 00 B6FET— 6£°99 +EN 1
Juaws[dun) punog Juaursdwor) punog] uamarduwo)) punog g 'ON
SN0 INEM 7T FIAMOAOW I8 M T SIMOB[O TNEBM ZF]

#(SIBARUY 21I5) JOYS UOIIBAIOS 1811 T (O 18 YN G-+ BN 207 SUCHINQUISK] &}IPIMNE[-M07] PUE -WwnEpapy
X TV




II 2471

SOLVENT STRUCTURE FOR MACROMOLECULES.

CORONGIU AND CLEMENTI

2470

‘83[NDB[0W I3)em LGF JO 198 {0 33 10, 4

‘Tompy ul A31auy
L AR ¥og Arepunog-H 82
9z'Le1— a1'g Argpunog-]] L
TEFET— 0T Argpunog-] 9z
99°gET— ogr DIOSH 9z
£9°221~ 126 DI08H ¥
BE'9TI— LTg VIosH €2
65851 — 6971 LiosH ZE
q0°LET— 101 SJOTH 12
GO0 F 11'901— VNA-1918 4 26'8ET— LT'BZ SI0SZH 02
GO0 F LLLT- qIANTA—INBM 03681~ 0069 3o 'PH ‘EH 61
LOD F92EI— QUONORIIUL [B30], ¥IL2I— 15k OodmHD. 8t
OL'¥ET— £9°G (9) 90 LT
QgZET— 69681 [[CLERENE | 10681~ PLE (0)zo 9t
18'v6— ZSIL §A00I5) 6EFI— L9 (€L O g1
9geel— gz'a8 ming 2OFPI— SFE (RARA] ¥l
9T'EET— 99931 SO0 LY BLETT~ 1754 {9) LN £l
08'68T— 12°95 00 LV 00'gET— €3 (D) EN 7L
AACH 998E g 8LEET— 81°% (V) LN 11
66'681— e Ly 15°28T— LT (V) EN or
0808T— 0E'18 L £ 88— 18 (D) PHN 6§
0LTEeT— L9TE 5 85281 — ET'ET (0 *HN 8
18'%21— L9128 2 16'%21~ €8 (V) BN L
96981 — ¥2°91 v 198ET= 16°¢1 10 9
00'zET— SE'Sl LTOT'ST VI P THI- it i 4 +BN g
£o0eT— 68'8 ET'ELTTO1 2E8TT— 10°11 £0 i
LT'8ET— 18792 [i3:9 SPPET— 00'T £0 2
ITLET~ 9RELT iR sl 86'e¥I— SHoF 450 Z
06'9ET— L1 UP'EZ1 OF'6ET— £LOF d10 1
Afraug SIATEA sang jo dnouny ARrauyg ST amepN g oN
S[[AYS , OTIBA[OG 1811, SAMIV[OIA INEBAL £G7 YIm ¥ 008 18 YNI-H-+¥N Jo udneajog
IAX A19VL
o/ P Ul S3Ieug o
95 LET- or'g (z ad&y) Arepumog] 61
EEEET— 6 (1 »d#7) Lrepunog a1
OL'FET— £9°¢ (D) 90 LT
10°5e1— ¥LE D)zo 31
Lrsz1— ¥£'9 (1) ¥O St
909FE— See (L} 20 4
8E0ET— OF'9e Fro'Lv 20°G2T— T (D) LN o1
26651 LE2E oLV 00'ge1— €2 (DYEN 4
6H62T— 249 oD Ly'eel— 60'% (V) LN 11
EZTET— LE9T LV 90FET— 091 {¥) eN 01
POZEL— 69'6 L 81681~ oL (9) *NH [
LIZET— gL'91 9 S¥'E21— TE1T (D) *HN 8
Z6FET— 9661 3 LB'SE1~ 0g'9 (V) *HN 4
18'871— iy A4 L98e1— LT 10 9
00'ZET~ yEGT LTOTCTYT S 1PL— 239 +BN g
¥ IET— g EIET'IT'0L 12121~ 6701 20 ¥
FO'BET— 4LTT 6L SHYET— oL S0 £
9W0°0FI - F6'LOT SHETT COYPI— ¥6'98 dz0 4
FEOPT— Ll FEEL 08 0FI— TIve dt0 1
feAtlaing SIau M sag Jo dnoar) Adrouyg SIANBA aUIRN Y ON

AX ATdVL

wiHEM PUNCH,, SIMMISOWY 1998 LOT YHA H Q0E 18 YN(-H-+8N JO uonBaog



bo
.
-]
b

CORONGIU AND CLEMENTI

o1P oz2p Na*

-

- -
2 4 B B 10 12 14 16 8 8 10 12 8 1012 7 9 1113

W. NUMBER
Q & & @

o2p

W. NUMBER
(-] N B & .k

2 45 810121416 6 B 012 6 8 10127 % 11 12

o1pP oz2P Na"

WATERS NUMBER

2 4 ¢ 8 1012 141 § 8 W

Fig. 18. Probability distributions for 22, 44, and 142 water molecules in Na*-B-DNA at
300 K (see Figs. 2 and 3),

In order to accommodate 22 cdditional water molecules, the original
distribution for the 22 water molecules is fully rearranged. Indeed, for the
case of 44 water molecules, the O3’ site starts to become involved; the O1P
and the O2P site’s difference, in water population, becomes smaller than
for the case of 22 water molecules; and the average energy of a water mol-
ecule interacting with PO;-Na* drops from —155.75 kJ/mol (for 22 waters)
to —148.45 kJ/mol. The rearrangement pushes the water molecules (in
average) to smaller R values, and not only the hydrogen atoms of sugar but
also those of the A and G bases are becoming invelved, even if margi-
nally,

Let us now fill the DNA sample with 142 water molecules; the grooves
remain essentially empty {1.43 water molecules out of 142 are found in the
grooves), but the finding of some, even if with very little, indicates that the
value for “bound” water has attained saturation. This statement is not
equivalent to saying that the structure or the maximum numbr of the bound
water molecules for 142 water and for 447 water molecules solvating the
DNA fragment is the same. Indeed, by filling up the grooves, additional
water penetrates the “bound” region, and because of the interaction be-
tween water in the “grooves” and “bound” water, a rearrangement can be
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Fig. 19. Probability distributions for 257 water molecules in Na*-B-DNA at 300 K (see
Fig. 17).

induced in the “bound water” structure. In other words, we are gathering
preliminary evidences that the adsorption process is not “monotonic™; at
low relative humidity the water molecules go mainty to the DNA sites; at
higher humidity, mainly to the grooves; and at even higher values to the
sites and the grooves and then, finally, to the “extended” grooves. Inci-
dentally, it should be evident by now why the interpretation of experiments
at different humidities (desorption-adsorption studies) is very hard (even
neglecting the experimental difficulty in obtaining reproducible raw data),
especially since they are often performed on DNA fibers, where additional
variables must be considered. For the case of 142 waters, about 2.97, 2.18,
and 1.87 water molecules are bound to Na*, O1P, and O2P, respectively;
the total populations of bound water for POy and PO;-Na* are 4.48 and
6.40 water molecules, respectively. The total populations for the first
hydration shells for PO; and PO;-Na* are 5.71 and 6.52, respectively.
The previously noted drop in the binding energy for the “bound” water
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molecules around PO;-Na* continues, and the energy is now —134.48
kJ/mol. The bases are invelved in the solvation, and the solvation order
is A < G < C <'T when congidering the number of “bound water” molecules,
A < C < (& <'T when considering the number of waters in the first solvation
shell, and A < C < T < G when considering the binding energy for the water
molecules in the first solvation shell. The distribution of the total water
population at different R values shows a well-defined strueture (see Fig.
18}; by comparing the shift of the most intense peak, one gains a feeling for
the intense water structure rearrangement that follows the repeated ad-
dition of water molecules. The A-T pair is more solvated than the G-C pair
for the cases with 44 and 142 water molecules, in agreement with experi-
mental findings at low humidity.?? In addition, we note that at low hu-
midity, O2P is more solvated than O1P, a situation that is reversed by in-
creasing the relative humidity. Finally, in presence of Nat counterions,
the O1P and the O2P water distributions are nearly additive, contrary to
what is found for B-DNA without counterions.

Let us now solvate the DNA fragment with 257 water molecules {see Fig.
19 and Tables XV and XVI). This case deserves to be analyzed more
deeply, since it provides an interesting step in the adsorption process. With
957 water molecules, the first hydration shell is nearly saturated, and ad-
diticnally, there are about 71 water molecules in the grooves. From Fig.
19 we learn that the bound water molecules exhibit the same 10 peaks as
found in the 447 water molecules case; however, the peaks L and J (see Fig,
3) are more developed in adding water to the 257 molecules now present,
because the Na* and the O1P sites are not fully solvated. With 257 water
molecules, the hydration at the base pairs is evolved nearly as much as with
447 water molecules {peak C is, however, higher than in the case of 447 water
molecules). The water molecules in the “classical”’ grooves are well de-
veloped at smaller B values but far from saturation at larger R values, as
expected. Therefore, the term “groove” water could be substituted by the
term “second solvation shell” for the case of 257 waters. Relative hydra-
tions at the bases are not discussed, since the data of Table X VI are self-
explanatory.

In a study in progress, we are analyzing the differences in rotational
freedom associated to the water molecules either bound or in the grooves
at different relative humidity. This is an aspect of interest for the inter-
pretation of angular distribution data from neutron scattering. We note
that the findings concerning the water filaments are in agreement with the
scattering data by Dahlborg and Rupprecht.2? In considering the partial
humidity simulations above, the following model for an adsorption process
emerges. First, the water molecules go to the phosphate groups. If the
humidity is very low [one water molecule per phosphate {22 water case)),
then a given water has several nearly equivalent choices of position at each
phosphate and the same position will not be selected. By an increase in
the humidity, such that two water molecules are available for each phos-
phate group (44 water case), the best solvation positions are not those left

©,
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uncccupied by the first water molecule, but new ones. This is to be ex-
pected: the Na*—POj system is different from the Hy0-Na*-POj system,
and the latter has only a vague “memory” of the former. Increasing hu-
midity such that, on average, about 6.5 water molecules are available for
each phosphate group (142 waters case), all waters solvate the Na™-POj;
groups, but some molecules solvate even the base pairs or are present in
the groove region, The presence of water in the groove indicates that a
saturation level has been reached. Alternatively, we can state that the
initial saturation of the grooves is nearly concomitant to the solvation at
the base pairs. By an increase in humidity such that about 11.7 water
molecules are available for each phosphate group (case of 257 waters), more
water molecules go to the groove region and the solvation of the sugar
oxygen and of the base pairs is nearly completed. Finally, by making
available about 20.2 water molecules per phosphate group (447 waters),
additional water is packed into the groove region and around the solvated
sites, but most of it goes at the outside of Nat-B-DNA, the “extended
groove” region, still strongly perturbed by the Na*.B-DNA field, so much
so that the bulk water interaction is far from being reached. By adding
two additional water layers (that is, by adding 1600 water molecules), one
would have nearly reached the bulk water region, at an R value of about
90 A. This model holds at a temperature of 300 K; at lower temperature,
a higher number of water molecules will solvate Na*-B-DNA, due to the
decrease of thermal disorder.

CONFORMATIONAL TRANSITIONS: A MODEL AND A
PRELIMINARY EXAMPLE

In considering the adsorption process, we should keep in mind some
overall energetic aspects, reported in Fig. 20. Repeatedly, we have pointed
out that the interaction of water with DNA increases by adding counterions
to the solute, which therefore stabilizes Nat-B-DNA relative to B-DNA.
This increase is drastic, as shown in Fig. 20, where the total (namely, the
sum of water—DNA and water-water) average interaction enetgy per water
molecule is reported as a function of the number of water molecules, N,
solvating the DNA fragment. In the top insert of Fig. 20 the full line refers
to the total interaction, the dashed line to the water-DNA interaction; the
water-water interaction is reported in the bottom insert. By asubstantial
increase of solvent all curves will eventually end at about —36 kJ/mol, the
bulk water value. The total interaction might suggest that the adsorption
process is monotenic; the partial interactions offer indications for an op-
posite conclusion. Physically, the following model clearly emerges in B-
DNA: the loss of bulk water energy (water—water interaction) is more than
compensated by the strong PO attraction; in addition, the water—water
interaction at low humidity would amount to only a fraction of the bulk-
water value. But when the PO groups are screened by few solute mole-
cules, and when the humidity increases, then the system attempts to regain
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Fig. 20. Average interaction energies per water molecules (in kd/mol) during adsorption.
Topinsert: Total interactions {solid line), water-B-DNA interactions (dashed lines). Bottom
insert: water-water interaction.

the bulk-water interaction energy since the water—water interaction be--

comes more and more important. /n Na*-B-DNA (and in any B-DNA
counterions system), the initial adsorption situation is more complex. At
low humidity, a water molecule does not experience only the POj field, but
also the counterion field. The latter exerts on a water molecule an orienting
field yielding a very different orientation from the one originated by the
PO7 field. Thus, the orientation of the water molecule is the global re-
sponse to the two fields; the resulting orientation is not as repulsive to an-
other water molecule as the one obtained for the case of B-DNA (without
counterions and at low humidity).

As a consequence of these effects, the water—water interaction energy
presents two plateaus, where a small humidity increase brings about a
strong water-water interaction variation. The two plateaus border at two
steep sides, where a large humidity increase brings ahout only a small
water—water interaction variation.

The exact shape of the curves we have drawn is limited by the number
of our computer experiments; we would not be too surprised if the plateau
between the two simulations with 142 molecules and 257 molecules would
turn out to be flatter than in our graph. The relative humidity interval
(corresponding to a variation from about 6 to about 10 water molecules per
nucleotide unit) would appear as a critical humidity interval. The classical
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grooves start to be filled in this interval; by a further increase in the hu-
midity, the final saturation at the DNA solvated sites is reached and the
“extended” grooves are filled. When the adsorption process is completed
(very high humidity), it is hard to visualize a conformaticnal transition in
DNA (for example, from the conformation A to B) without the introduction
of a third body. Equally difficult is visualizing a conformational transition
at very low humidity, since the few water molecules present are fully oc-
cupied at solvating the POy counterion groups. On the other hand, in the
above-discussed plateau, where the incipient filling up of the classical
grooves perturbs the sugar units (this is tantamount to a directional pres-
sure}, one can easily hypothesize conformational transitions. Thus,
combining the evidence regarding the ion-induced compression effect and
the results on the variations of the interaction energies with relative hu-
midity, we can obtain a preliminary model te explain conformational
transition, under specific eonditions. The use of the model, however, re-
quires simulations of the type here presented for different conformations
and with different counterions, The mathematical conditions for a con-
formational transition are now indicated by the following three models.

First, we consider only one type of counterion (for example, Nat), Let
E(A) and E(B) be the energy of DNA in conformations A and B, respec-
tively, for DNA fragments of equal number of units. From a simulation
with an equal number of water molecules and at a given temperature, one
can obtain the water-DNA interaction ES[A,h(i}] and ES[B,h(j)], where
the indices A and B refer to the two conformations, and (i) and k() to the
two relative humidities (clearly different in the two conformations, since
we have assumed the same number of water molecules). A transition can
occur for AE = AE’, where AE’ = E(A) — E(B) and AE = ES[Ah{])] -
ES[B,h(j)], assuming about equal entropic variations. With this work
we provide one of the four needed quantities.

Second, we consider the same situation as above, with, however, two
different types of ions I(1) and /(2) (for example, Na* and Li*) yielding
either I(1)-DNA or I(2)-DNA. Let E[A.I(1)], E[A,1(2)], E[B,I(1)], and
E[B,1(2)] be the energies of the fragment with either one of the two types
of counterions and in the two conformations. Correspondingly, let
ES[AI(1)], ..., ES[B,I(2)] be the corresponding simulated solvation
energies as in the previous model. The intreduction of more than one type
of counterion increases the probability of finding an equality between AE
and AE’ since one more variable, the type of ion, has been added.

Third, let us assume the same situation as above, with, however, the
additional possibility that a fractional rather than total replacement of 7(i)
with I(j) is considered. This last assumption considerably increases the
probability of finding an equality between AE and AE’. The model can
be made more complete by including a temperature index, namely, by
considering more than one temperature. The importance of temperature
variations in discussing the stabilization of DNA due to the solvent has been
previously stressed; see, for example, Lewin.1? As an example, let us con-
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sider the ES vaiues, stressing, however, that simulations on Li*-B-DNA,
Lit-A-DNA, Nat-A-DNA are not available. Different tentative solvation
energy values can be chosen by keeping in mind ionic solvation studies,®1!
the differences in the solvation energies between the A and B single-helix
conformation and preliminary simulation data on Li*-B-DNA, We have
made no use of the study by Marynick and Shaeffer,10 since their use of a
subminimal basis set and the neglect of basis set super-position corrections
deprive their otherwise very interesting computation of quantitative va-
lidity. Their very strong attraction for a phesphate group in (CHa-0},-POz
with Lit and Na* (computed as —303 and —198 keal/mol, respectively) and
the very short oxygen—cation distances {(computed as 1.77 and 1.98 A, re-
spectively) are too far from the more reasonable data obtained, however,
on (CH5-CH,-0)3PO7 and yielding —152 and 134 keal/mol, and 1.93 and
2,17 A, respectively (manuscript in preparation). Equivalent data, ob-
tained from relatively old electrophoretic mobility studies, indicate that
the binding to DNA for ions is Lit > Nat > K+.2¢

At low humidity (1 water per nucleotide unit), Na*-A-DNA is estimated
to be more attractive to a water molecule by about 8 kd/mol (relative to
A-DNA). Simulations on A and B single helix?? indicate a value between
5 kd/mo! (average value) and 17 kJ/mol (maximum difference); thus our
selected value might be somewhat smaller than the correct one. At high
humidity we know that the PO; groups in A-DNA are sufficiently crowded
relative to B-DNA such that they have one less water molecule strongly
bound to a POy group. Thus, on a sample of 447 water molecules, about
22 water molecules in A-DNA are less bound to the POy than in B-DNA
by an assumed interaction of about 10 kJ/mol per water molecule. Asa
result, the total interaction energy curve for Nat-A-DNA crosses the total
interaction energy curve of Nat-B-DNA at a relative humidity corre-
sponding to about 160-19Q water molecules (see Fig. 20). For Lit-B-DNA,
we have obtained preliminary data for 22 and 447 water molecules (at a
temperature of 300 K). At a relative humidity corresponding to 22 water
molecules, Lit-B-DNA attracts more water than Na*-B-DNA, but the
situation is reversed at high humidity (447 water molecules); this brings
about a crossing of the Li*-B-DNA and Na*-B-DNA total interaction
energy curves at about 190-210 water molecules. Finally, for Lit-A-DNA,
we assume that the total interaction energy to water differs from the
Na*-A-DNA total interaction energy in the same way as found by com-
paring Li*-B-DNA with Na*-B-DNA. Until definitive simulations on
Li*-A-DNA, Li*-B-DNA and Na*-A-DNA are available, the above esti-
mates are probably all the data one can use. The stabilizations due to the
solvent effect in the A — B conformational transition are reported on Fig.
21 (the ordinate gives the number of water molecules for either an A or a
B double helix with 22 phosphate units). We consider four cases (all at 300
K). Incase 1, we consider the stabilization of a DNA conformation with
Na* ¢counterions, whereas in case 2, we consider the stabilization of a DNA
conformation with Li* counterions. In case 1, at low humidity, form A is
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Fig. 21. Solvent stabilizations at constant temperature (300 K) and different humidities
for the A — B transition; case 1 refers to Nat-A-DNA — Na*-B-DNA, case 2 to Li*-A-DNA
— Li*-B-DNA, case 3 to Na*-A-DNA — Li*-B-DNA, and case 4 to Li*-A-DNA — Na*-
B-DNA (gee text).

stabilized by water, reaching a maximum for about 3 water molecules per
nucleotide unit and then going to zero at about 7 water per nucleotide unit;
then the B form becomes stabilized. In case 2 (Li* counterions), the same
behavior is predicted, but the crossing from A to B occurs at slightly lower
humidity. In cases 3 and 4, we increase not only the humidity, but we also
assume that the Na* counterions of the A form are substituted with Lit
counterions in the B form (case 3) or vice versa (case 4). From our pre-
liminary data we expect that only form B is stabilized by the solvent,
whereas in case 4, the Nat-A-DNA has a net solvation stabilization up to
about 7 water molecules per nucleotide unit; at higher humidity the solvent
effect helps the formation of B-DNA.

We stress that we have referred only to AES, not to AE’; in addition, no
entropic effect has been considered, or equivalently, we have assumed that
the entropic contribution to the free energy is ion-independent and con-
formation-independent at a given relative humidity and temperature. The
theoretical behavior of Fig. 21, even keeping in mind its tentative nature,
explains a large number of experimental findings relative to the A-B
transition. Clearly, the same type of reasoning can be used when consid-
ering the solvent effect of any other conformational transition. By adding
to an ionic solution (containing A- or B-DNA) solvents like alcohol-water,
the number of water molecules available to DNA decreases because the
hydrophobic part of the alcchol removes water from DNA.2526  Thus, if
ohe can estimate the latter effect, then Fig. 21 provides an explanation, also
for transitions, where not only the humidity and the counterions are varied,
but also additional sclvents like alcohols are added. Concerning the energy
AF for conformational transitions from A to B, a value of about 84 kJ/mol
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has been proposed by Ivanov and coworkers?”2 and later confirmed by and
Sukhorukov and coworkers.2?

CONCLUSION

These simulations of the water structure around Na*-B-DNA and
B-DNA are likely the most thorough computational attempt up to now
available. The tables we have provided and the detailed discussions and
figures allow reinterpretation of experimental data. Unfortunately, we
are not in a position to carry out this task, since it would require access to
the raw experimental data. In the event our data will be used to interpret
fiber data, we stress that the simulations presented here deal with a single
DNA ynit, and our predictions should therefore be used with care, especially
for large R values. It is likely that our findings for R values up to about
9 A can be used directly; those from R = 9 to 12 A only to provide an anal-
ogy; and in the case of those from R = 12 to 14.5 A, the water structure in
a fiber is expected to be quite different from the cne here presented.

A practical approach could be as follows. Let B’ be the DNA unit-to-unit
distance in a fiber (at a given temperature and relative humidity). The
corresponding probabilities and/or energy graphs of our study can be used,
placing our diagram origin for R at the long axis of the two DNA units (the
same graph is used twice as two mirror images, with the symmetry plane
at R’/2). The resulting overlap region near R’/2 should be disregarded,
and the same holds for about 3 A on both sides of R’/2. (Namely, one
should be careful to disregard an interface region of about 2 water mole-
cules, one at each side of R’/2.) We note that a simulation on a minifiber
is technically feasible; the main problem would be the long computer time
involved, the determination of the rotation of one unit relative to the other
and the determination of the counterion position, which might be different
at the surface, relative to the inner part of the minifiber.

Strictly speaking, the data predicted here should be compared with
B-DNA in solution at 300 K. The notable scarcity of such data will likely
be complemented by future neutron-beam experiments, actively pursued
at a number of laboratories, but still at a very early stage.

There are several approximations in our treatment, which limit the re-
alism of our simulation. The Na*—B-DNA fragment we have used is rather
small, only 782 atoms. We do not expect, however, that there are gross
errors in our analyses, since we have considered the top and the bottom of
our fragment separately from the main body. A larger fragment would
certainly increase the computational times considerably, but it would
probably yield essentially the same results, Explicit inclusion of roto-
translational periodic boundary conditions could be considered, but not
with the base-pair selection we have used. We have included only 447 water
molecules; this is probably sufficient if one is interested in the first solvation
shell and in the groove water molecules. It is noted that the addition of
two more shells of water would require the inclusion of about 1600 addi-
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tional water molecules. Again, the computation would be much more
costly, and the net advantage (if any) is not clear.

The most crucial limitation, however, is in the assumption of a rigid
Nat-B-DNA fragment, and in the position assumed for the Na* ions.
From theoretical considerations the lowest energy minimum (minimum
a) for Na* in model compounds containing the phosphate group is in
sgreement with our choice. However, there is a second minimum away
from the PO; plane (minimum h) that will become deeper if more than a
single phosphate group is present; finally, there is a third minimum aleng
the PO bond direction (minimum c). The three minima are relatively close
in energy. Let us consider the available, but indirect, experimental, data.
A double-helix chain can be constructed from the x-ray structure of sodium
adenylyl-3’,5'-uridine (ApU), where one Na* is coordinated to the PQ;
group and one to the uracil carbonyl groups.3 Thus, minimum b is known
to be a possible candidate in polynucleic acids. A double-helix chain can
be constructed from the x-ray structure of sodium guanylyl-3’,5’-cytidine
{GpC), where the Na* is coordinated to the two free oxygen atoms of a
phosphate group.3! Thus, minimum a is & possible candidate. Finally,
x-ray studies on crystals3? of the deoxyribose dinuclectide sodium thymi-
dylyl-5,3'-thymidylate-5’ (pTpT) can be used to model a double helix with
the Nat coordinated to one free oxygen of one PO group and two oxygen
atoms on two different thymine bases. This position for Na* can be eon-
sidered &s one related to the minimum ¢, It is noted that none of the above
structures refers directly to a erystal of a true polynucleic acid nor to a 50%
G-C, 50% AT double-helix structure, as in our fragment. The nearest case
is the one of GpC, where the Na* is located at about our chosen posi-
tion.

We note that analyses of the Monte Carlo data for a “free” Na* simula-
tion would be notably more complex, since one would expect a probability
distribution for the Na* position over a volume of few angstroms. Asa
result, the equilibration process in the Monte Carlo simulation and the data
collection would require a notable increase of computer time. These es-
timates are guided by a simulation of Nat placed in a water solution with
a glycine zwitterion as solute (manuscript in preparation). We have found
that the Na* did not remain at the energy minimum (determined by ne-
glecting the solvent), but shifted away by about 1 A. This shift allows the
development of a more complete solvation shell both for the COO~ group
and for Na* ion, which, however, remains bound to the COO~ group
(namely, no interstitial water penetrates between the COQ~ group and
Nat). In conclusion, a simulation with “free” Na* ions might bring about
an increase of one additional strongly bound water molecule at each
PO;-Na* group due to a shift of Nat from the present position to one
corresponding to the above-described minimum b. Work is in progress
to determine the position of the counterions.

1t is likely that new coordinates for DNA will become available directly
from crystal data rather than from modeling based on small fragments.
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The above-quoted studies®®-32 and the recent work by Kennard and co-
workers33 point strongly in this direction. A new simulation could consider
these new sources for the coordinates, still leaving open, however, the
long-standing problem concerning the degree of confidence one should place
on accurate x-ray data obtained from a crystal when one needs accurate
coordinates for B-DNA ir solution.

Finally, we recall that the macroscopic properties of DNA in soluticn
depend on the chain length.343% However, since low-molecular-weight
DNA exhibits a rigid rodlike helix behavior,3® our simulated result should
be used with care, if applied to high-molecular-weight DNA chains. The
chain length is also important in determining the number of counterions
either bound or very near to DNA. In this respect, in our computer ex-
periment we might have selected an excess of one to two sodium ions, 373
On the other hand, this choice is forced by our approximation of assuming
one counterion bound to each phosphate group.  Work is in progress to link
our simulation with the thermodynamic models presented by Record and
coworkers?” and by Manning.38

To conclude, in this work we have considerably sharpened some of the
questions both experimentalists and theoreticians would like to answer
concerning the structure of solvent water (at nonzero temperature) for
B-DNA with counterions and presented a model for predicting confor-
mational transitions in nucleic acids. The agreement between our simu-
lations and a large number of experimental data is very gratifying. Work
is in progress to refine the conformaticnal transition model and to include
counterions such as Lit, K+, Ca?¥, and Mg?+.

Note added in proof: A study with a three-turn B-DNA fragment, 1200
water molecules, and 60 Na* ions with statistically determined positions
in the solvent has been completed since submission of this work.3?

One of us {G.C.) would like to thank the National Foundation for Cancer Research for a
fellowship and also the IBM Corporation for making available computer time on the IBM
37073033 at the IBM Poughkeepsie Laboratories.
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Simulations of the Solvent Structure for
Macromolecules. III. Determination of the Na*t
Counter ion Structure

ENRICO CLEMENTI and GIORGINA CORONGIU, IBM DPPG,
Poughkeepsie, New York 12602

Synopsis

We report on a computer experiment in which, using Monte Carlo techniques, we considered
a three-turn (30-base-pairs) B-DNA fragment as a solute and a set of 1200-water muolecules
and 60 sodium counterions (at a temperature of 300 K) as a solven.  From a statistical analysis
of the Monte Carlo simulation (applied to the water malecules and counterions in the B-DNA
field), we determined that the counterions themselves conform to tweo helical structures in-
tertwined with the two strands. The structures of the water molecules solvating both coun-
terion helices and the two B-DNA strands are fully analyzed and described in detail. A model
for base-pair recognition based on the above findings is proposed. Aspects of the unwinding
mechanism are discussed.

INTRODUCTION

In the first paper of this series,’ we reported the statistically determined
positions and orientations of 447 water molecules solvating a fragment of
B-DNA composed of 12 base pairs (and of the corresponding phosphates
and sugar units). In the second paper,? Na* counterions {one ion/phos-
phate group} were added to the solvent-solute system; it was assumed that
the location of the Na' ions relative to B-DNA was the same as the one
determined from quantum-mechanical computations of the interaction
of one Na* ion and one sugar-phosphate fragment.* This assumption,
however, was only an approximation, since an Na* ion in DNA interacts
not only with one sugar-phosphate unit, but also with the entire B-DNA
fragment. Inthis paper we drop this assumption and determine the sta-
tistical positions of each counterion in the total field: the rigid B-DNA
fragment, the “free” water molecules, and the remaining Na+ ions. This
computer experiment makes use of Monte Carlo sampling techniques as
proposed by Metropoliset al? In this technique, the molecules constituting
the ionic solvent (ions and water molecules) are randomly displaced (i.e.,
a “random walk”) within a given volume containing the solute {B-DNA),
which is assumed to be rigid. The simulated temperature in our experi-
ment is 300 K
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EXPERIMENTAL METHOD

The selected B-DNA double-helix fragment is composed of 30 base pairs
{three full B-DNA turns). Periodically, at each turn, the following se-
quence of 10 base pairs is selected for one strand: TA*, GC*, AT*, CG™,
TA*, GC*, CG*, AT*, TA*, and CG*, where the asterisk denotes the h*
strand. The coordinates of this B-DNA fragment have been discussed
previously.” The three B-DNA turns (Fig. 1} are hereafter referred to as
top, middle, and bottom turn, respectively.

Four hundred water molecules and 20 Na* counterions are placed in the
middle section of the cylindrical volume, as shown in Fig. 1. For each water
molecule we compute the interaction energy of the full three turns of the
B-DNA fragment with the water molecules and Na* ions. In addition,
since our B-DNA fragment has a periodically repeated sequence for each
turn, each water molecule {or each ion) is associated with twe “image” water
molecules (or two “image” ions) obtained by a coordinate translation (along
the Z axis) of the water molecule {or ion) in the central section. InFig. 1,
we show a water molecule in the central section of the cylindrical volume
and its two “images” located symmetrically in the top and bottom sections.
Equivalently, for each counterion in the central section, we compute the
interaction of the atoms in the three DNA turns with all the water molecules
and their corresponding water images, and with the other ions and their
jon images. Thus, we simulate a system composed of the atoms in the three
B-DNA turns, 1200 water molecules, and 60 counterions. The solvent
particles (water molecules and sodium counterions) in the central section
are randomly displaced!; the displacement applied to a solvent pariicle is
also imposed on the “image” particles. Each random displacement (or
“mave”) generates a new “configuration” for the solvent (or a new “step”

8-DNA z+
Y
By X

Top I. Top
Image [* . Section
Full

Central
B-DNA
Turn Section
Bottorn i
I ok : Bottom

age ! Section
104
Fig. 1. Volume enciosing the B-DNA fragment: “image water” molecules and “image”

ions.
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Fig. 2. (Bottom left) Projection of the statistical distribution of the 20 counterions in the
X-Y plane. {Bottom right} Same distribution projected in the X-Z plane. (Top right) Same
as bottom right but with connecting helices for the ions, rather than the phosphates. (Top
left) Combination of top-right and bottom-right projections for more than one B-DNA
turn.

in the random walk). An initial set of about 108 conformations was disre-
garded, however, in order to “erase” any memory of the initial configuration
for the solvent. Thereafter, the Cartesian coordinates of the solvent par-
ticles (for each configuration} and the corresponding interaction energies
(water with water, ions with DNA, and ions with ions and DNA) are stored
on magnetic tape to be used later in a statistical analysis of the Monte Carlo
data.

Analysis of the Monte Carlo Data

"Two types of information can be obtained from the analysis of the Monte
Carlo random walk, namely, structural and energetic information. In this
paper, we report mainly on the structural data analysis. For each water
molecule, and at each configuration, we compute the distances of the hy-
drogen and oxygen atoms to all the atoms of the B-DNA fragment and to
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Fig. 3. (Tep and central inserts) Distribution of the hydrogen and oxygen atoms of water
molecules bound to the oxygen atoms in the PO; groups. {Bottom inserts) equivalent dis-
tribution for the POy -CHg group, either considering bound {first two inserts from the right)
or first solvation shell water molecules (last two inserts from the right).

the counterions. The same type of computation is carried out for the ions;
the distances are then analyzed. A water molecule is defined as bound to
an atom of DNA (or to a counterion) if its distance and orientation satisfies
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Fig. 4. Distribution of hydrogen and oxygen atoms for water melecules bound at the ni-
trogen (N3 and N7) or oxygen (02, 04, and 06) atoms of bases forming either the h or the h*
strand in B-DNA,
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the predetermined geometrical criteria previously discussed.'? A water
molecule is defined as being in the first solvation shell of an atom in the
DNA fragment (or of a counterion) if the distance criteria (see above), but
not the orientation criteria, are satisfied. Since the atoms of the DNA
fragment can easily be distinguished as belonging to either the first or
second B-DNA strand, we can use this analysis to differentiate the statis-
tical prohability that a water molecule will interact with one or the other
strand.

A water molecule can assume a posttion such that it is bound to more than
one atom or exists in the first solvation shell for more than one atom.
Physically, this is the case for water molecules bridging twao atoms. For
this reason, and also in order to obtain additional statistical data, we per-
formed the above analysis not only for water molecules interacting with
DNA atoms, but also for groups of atoms (i.e., the four oxygen atoms of the
phosphate group or all the atoms of a given base). We recall!? that the
number of water molecules bound to a group of atoms is generally smaller
and, at most, equal to the sum of the number of the water molecules bound
to the atoms constituting the “group of atoms.”

When a water molecule is neither bound nor in the first solvation shell
of either an atomn in DNA or a sodium ion, then the molecule is defined as
“groove water”. Making use of the geometrical characterization of a
groove,” we can further differentiate between major and minor grooves.

It is noted that the computational time required to perform the above
analysis amounts to a significant fraction of the total Monte Carlo simu-
lation, and its programming is more extensive and complex than the one
required for the Monte Carlo random-walk simulation. In the following,
we report the statistical data obtained from about 105 conformation, which
were generated after disregarding the 108 needed to erase the memory of
the initial configuration and 1o equilibrate the solvent system: the initial
position for the ions and the water molecules was the final configuration
previously obtained.?

Determination of Counterion Structure

In a recent, preliminary communication,’ we reported that the sodium
counterions in a solution with B-DNA form a pattern corresponding to two
helices intertwining with the two B-DNA strands. The overall method-
ological approach is described at length elsewhere,® as well as having been
previously summarized.®

The most direct way to analyze the counterion positions is to provide the
projections in the X-Y and X-Z planes (see Fig. 1 for the choice of axis) of
the statistical distributions of the counterions ubtained from the Monte
Carlo data. The following technigue has been adopted: the entire eylin-
drical volume (Fig. 1) was suhdivided into small cubical cells (0.2 A/side),
A counter at each cell was activated to measure how many times a coun-
terion falls within a celt during the Monte Carlo walk. The statistical



768 CLEMENTI AND CORONGIU

distribution is graphically visualized by reporting for each cell a number
of points proportional to the number of times an ion is present in the cell.
The projections of the probability distributions of the counterions at one
B-DNA turn are reported in Fig. 2. In the bottom-left insert we provide
the X-Y projection of the ion distribution map (spotlike patterns), with
an index of 1-10 for the 10 “spots” external to the phosphates and an index
of 11-20 for the 10 “spots” internal to the phosphates. A counterion cor-
responds to each “spol™ the size of the “spot” provides a measure of
counterion mobility. The phosphates of one strand are indicated by
drawing the bonds between the oxygen atoms and the corresponding
phosphorus atom and by explicitly indicating the corresponding bases, A,
G, C,and T. The atoms of the phosphates in the second strand are indi-
cated simply with dots at the nuclear positions, and for the corresponding
bases, we report only a dot for the nitrogen atom position (the one con-
necting the base with the sugar). The projections of the 20 counterion
probabilties form two nearly regular circular patterns. In the bottom-right
insert of Fig. 2, we present the same probability density distributions—this
time projected into the X-Z plane. In this insert, the phosphate groups
of the two strands are enclosed in helical envelopes, and the base pairs are
identified by reporting the base-pair molecular plane. In the top-right
insert, we repeat the X-Y projection—this time connecting to an envelope
those counterion probability distributions that are nearest neighbors, To
simplify the diagram we have not enveloped the phosphate groups in two
helices as done in the bottom-right insert. The pattern emerging from
these three depictions is repeated in the top left insert. There we draw the
two helical envelopes for the phosphates of the two strands and the two
helical envelopes for the sodium counterions so that one penetrates the
major groove and the other is outside the minor groove. The counterion
helices are designated by the letters H and H*. 1t is evident from the
density projections that the H helix is external to the cylindrical volume
determined by the phosphate groups, whereas the H* helix is internal to
it. The cross section of the imaginary “cable” enveloping the ions of H*
is larger than the corresponding cross section of the “cable™ enveloping the
ions of H. The physical reason is rather vbvious: the counterions in H*
are strongly afected by the base pairs. Therefore, the exact position of an
ion in H* is base-pair-sequence dependent, and the “irregularities” of
distributions 11-20 in the bottom-left insert of Fig. 2 are the effect of this
base-pair sequence dependence.

The new structure, H and H*, obtained in our computer experiment is
physically very satisfving since it simultanecusly optimizes several hasic
energy requirements: it keeps the counterions as far as possible from each
other but at the same time satisfies the very strong attraction between the
Na™ ions and the free oxygen atoms of the phosphates and the strong at-
traction between the Na* ions and the bound oxygen atoms in the phos-
phate groups and the attraction to the base-paits; finally, it allows both the
phosphate groups and the counterions to be solvated by the water mole-
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cules, thus making use of the solvation energy to stabilize the entire
system.

Biologically, this structure is interesting since (1) it provides {or a base-
pair-recognition mechanism at long range due to the base-pair-sequence
dependent H* structure; (2} it can easily allow for the exchange of one or
more sodium eounterions with different counterions (from Na* to K+ or
Mg2* or Ca?t, etc.); (3) it can account for rapid structural and conforma-
tional reorganization processes typical of ionic solution with macromole.
cules as solute; and {4) because of the ionic mobility and very sirong in-
teractions, it can act as either an important sink {or source) of energy.

Determination of the Water—Structure Solvating DNA

Statistically, the most probable distribution of the water molecules (at
300 K temperature), either bound or in the first solvation shell, for an atom
(or groups of atoms) in B-DNA is analyzed in Figs. 3-7. In these figures,
the probability distribution for the hydrogen atoms is given as a dotted line
and the one for the oxygen atoms is given as a solid line.  On one axis {or-
dinates) we report the number of hydrogen or oxygen atoms as a function
of R (given in the abscissa, in A); we recall that & is the distance of the hy-
drogen (or oxygen) atoms from the Z axis (see Fig. 1). The notations B and
FS differentiate between bound and first solvation shell water molecules;
the notations h and h* differentiate the two strands. In Table I we sum-
marize the R values for some of the atoms of B-DNA (discussed in detail
in the following).

In Fig. 3 we report the analysis for water molecules bound to the free
oxygen atoms {O1P and O2P) to the bound oxygen atoms (0% and 03} in
the two strands (h and h*}. These analyses of water molecules bound at
atomic sites are complemented with the bound water distributions and the
first solvation shells distributions at the PO -CHy group.

We learn that at the O1P sites the water oxygen atoms itr the h strand
have a maximum at about 11 A, whereas the maximum isat 12 A in the h*
strand. The water hydrogen atoms distributions (dotted lines) in h differ

TABLE 1
R Distance tin A) for Selected Atoms in B-DNA

Atom R Atom I
01P 10.2 Hof NHy in G 4.0
02p 8.8 H of NH. in G 4.0
o 8.8 N3in A 3.9
0% 7.7 N7in A 4.0
P 8.9 Niin G 5
o4 8.2 N7in 39
Hof NHyin A 2.8 02inC AT
Hof NHzin A 1.8 06in G 1.7
H of NH, in C 2.1 02inT A
Hof NHyin C 3.7 OdinT 2.8
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Fig. 5. (Top and central inserts) Distribution of hydrogen and oxygen atoms for water
molecules bound at the NH; groups of the bases. (Bottom inserts) Equivalent quantities
but for an average oxygen {either 02, 04, or 06) atom and an average nitrogen (either N3 or
N7} atom in the bases at the two antiparallel strands h and h*.

from those in h*, which indicate different orientational arrangements at
the two strands. The same holds for the water molecules at O2P. There
is little, if any, water at the 05, as previously noted,!2 and not much water
at 03", This information is iterated by providing the distribution for the
water molecules bound at the PO, -CHs site. As previously discussed,2 the
first solvation shell can extend much further than the bound water distri-
bution, as is clearly seen in Fig. 3. The integral of the distribution values
of the hydrogen and oxygen atoms as a function of R provides the number
of water molecules bound to the atoms or groups of atoms (Fig. 3). These
are given in Table II for both bound and first hydration shell water mole-
cules. In the following, we generally do not comment on features that can
be obtained by inspection of the figures. We feel that ir, Raman, nmr,
neutron, and x-ray experiments on DNA in solution will be more easily
interpreted given the availability of these data.

In Fig. 4 we report the analysis for the water molecules bound to the
lone-pair nitrogen {N3 and N7) and cxygen (02, 04, and 086) atoms of the
bases. The analysis of the water molecules bound to atoms belonging to
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Fig. 6. {Top inserts}) Water characterization at the sugar units in the two strands: bound
water at 01 atom and first solvation shell water in the sugar units. (Middle and bottom in-
serts) Distribution for water molecules bound to the bases.

the bases is extended by reporting {(Fig. 5) the distributions for the water
molecules bound to specific NH: groups. The average distributions for
water molecules bound to NH; or oxygen or nitrogen atoms at the bases
is obtained by considering all the bases at the two strands.

In Fig. 6 we compare the distributions of water molecules bound at the
01’ (of sugar) or present in the first solvation shell of the entire sugar unit.
This figure also shows the distribution of the water bound to the bases (in
each strand),

Fig. 7 we complete the analysis of the bases by reporting the average
distribution of the water molecules bound to the A-T and G-C base pairs,
the average distribution for the base pairs in the h and h* strands, and the
first hydration shell distribution at the bases (average values for both
strands). ‘

These very detailed but clear graphical presentations of the solvation
in B-DNA are complemented by the data in Table I1.

Determination of the Water Structure Solvating the Counterions

In Fig. 8 we report the distribution of the water molecules bound to the
10 counterions in the H helix (ions 1-10) and to the 10 counterions in the
H* helix (ions 11-20}. In this figure the counterion is placed at the origin
of the axis. The orientation of the water molecule (oxygen nearer, hydrogen
farther away) is very typical of a sodium ion in solution.®1° Each coun-
terion is solvated; this finding is expected to the valid also for K+ coun-
terions, and most likely for Li* counterions as well,

In Fig. 9 we report the distribution for the water molecules in the two
strands, either bound or in the first hydration shell. From these data we
see clearly that the two strands have a different hydration pattern, as is also
reported in Table II. This very important finding remains hidden by only
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TABLE 11
Number of Bound Water Molecules and Their Interaction Energles with Atoms or Giroups
of Atoms of B-DNA and the Na* ions

Atoms or Number of Bound Waters Average Energy (kcal/mol)
Groups h h* h h*
oip 124 346 -37.97 —3.57
0zP 2.92 3.05 =38.33 —41.11
05 .18 (.23 -47.76 —4:3.52
(§2% 0.89 112 . -37.51 —34.24
O 1.19 113 —49.00 —37.81
Nilin A 0.49. 0.26 —-39.07
N7in A 0.46 .94 ~-A7.97
Niin G .52 0.29 —=136.70
N7in G 0.60 1.20 —33.03
02inC 0.67 097 -39.91
06in G 1.08 1.34 -35.91
02in'T 1.00 100 —41.08
O4in'l 1.62 1.28 —36,97
Na* 4.00 4.40 -39.72
POy -CH, 6.43 7.18 —35.04 —-37.09
NH.in A 1.49 1.77
NH.inC 276 2,31
NH. in G 1.94 1.46
NH.in A, G, C 2.13 1.70
NinA G (57 .67
QinC.G, T 1.00 1.06
A 242 2.55
C 343 3.29
G .84 4.15
T 2.62 2.26
Grooves 131.82

reporting the distributions for the total system of 400 water molecules
solvating the 10 base-pair turns in B-DNA or by considering the water
molecules in either the first solvation shell or those bound to B-DNA. In
Fig. 10 we present the distribution of water molecules bound to B-DNA
and the ions in the first hydration shell and in the grooves.

In Fig. 11 we report the average energy for a water molecule in volume
E and R + dR; the energy is decomposed as water-water, water-DNA, and
water—ions. Notice how this energy is nearly constant from small to large
values of K.

CONCLUSIONS

The most important conclusion from our computational experiment is
that the counterions and the solvation water molecules form two different
patterns at the two DNA strands. We designate the global system com-
posed by the h strand, the counterions in the H helix, and the water mole-
cules bound to h and H, as the S *superstrand.” The equivalent global
system for h* and H* and the solvailing water molecules is designated as

)
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Fig. 7. {Top inserts) Distribution of water molecules at the base pairs. (Middle inserts)
Average distribution of water molecules bound in the twe strands.  (Boottom inserts) Average
distribution for hoth strands of water molecules bound {left) and in the first solvation shell
(right} of the bases.

8*. As known, the two strands h and h* differ only because they are an-

. tiparallel, This difference, however, is enhanced by the counterion dis-

tribution and by the water molecules. Any biological process dealing with
DNA in water solution involves the S and S* superstrands and not just with
the h and h* strands. In addition to a given DNA conformation, there is
a correspondingly wide spectrum of S and S* conformations. Indeed, the
structure of H and H* is dependent on the counterion charge, the ionic
radius, and the counterion concentration for a given temperature,

In the following we consider a few immediate implications of the above
findings. We present a “base-pair sequence” recognition mechanism. Let
us consider for example, a molecule of glycine zwitterion, approaching DNA
in water solution but still relatively far away from DNA, such that the direct
interaction glycine-base pairs can be assumed to be small. We assume that
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Fig. 8, Hydrogen and oxygen atom distributions for water molecules bound to the coun-
terions in the H helix (1-10) and in the H* helix (11-20).

the C= of glycine is at 17 A on the x axis (with y = 0; see Fig. 1) and is opti-
mally oriented relative to our B-DNA fragment, the 1200 water molecules,
and the 60 sodium counterions. Further, we assume that glycine can be
translated along the z axis, reoptimizing its orientation at each value of
Z.

The interaction of the counterions with glycine is rather large (long-range
interaction of an ionic nature), and the interaction of the H* counterions
with the base pair has been shown previously to be large and base-pair se-
quence dependent. Therefore, glycine will recognize the base-pair se-
quence, via the counterions. The proposed recognition mechanism is of
the relay type: base pairs to counterions, counterions to glycine. Tt is noted
that the water solvent molecules amplify the recognition (“signal amplifi-
cation™) because of the shell structure and other hydrogen-bonded struc-
tures (see, for example, some recent comparative studies of methane!! and
methanol? in water solutions). Among the applications of this proposed
mechanism, we mention (1) recognition of a sequence perturbed by cancer
or an anticancer intercalating molecule and (2) recognition of amino acids
by RNA in protein syntheses.5

Another implication of our findings coneerns with unwinding mechanism
in the double helix. As is known, a double-helix structure has a critical
temperature and a critical ionic concentration outside which the two helices
snap apart extremely rapidly. With a 20 K increase in the temperature
{(in our simulated system), we obtained a different counterion pattern, with
the counterions in the H* helix closer to the base pairs than at 300 K. We
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Fig, 9. (Top and central inserts) Average hvdrogen and oxygen atom distributions for water
maolecules in the h and h* B-DNA strand either bound or in the first hydration shells. (Bottom
inserts) Water molecules bound to B-DNA and to the counterions (left) or only to the coun-
terions {right}.

recall that the interaction of an Na* ion with the base pairs is not only
strong when Na* is at the perimeter of the basepair (in the plane containing
the base-pair skeleton), but also when Na* is above the base pair. In this
position, the attraction of the “base pair to Na*" is opposed by the hydrogen
atoms forming the base-pair hydrogen bonds.  An increase in the system’s
thermal motion {due to temperature) can bring about a separation between
two successive base-pair and/or hydrogen bond hreakage within a base pair.
In either case, a sodium ion can approach the bases even further and oppose
the restoration of the original DNA configuration. Thus, we conclude that
the disruption of the double helix following a temperature increase is due
not only to the increased amplitude of the DNA vibrationat modes, but also
to an increasingly strong anharmonicity of such modes caused by the ap-
proach of counterions to the base pairs.
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Fig._l(). Statistical hydrogen and oxygen atoms total distribution for 400 water molecules
solvating one B-DNA turn and 20 Na* counterions {top) in B-DNA first solvation shell
{middle) and in the grooves (bottom).

The disruption of the double-helix structure following progressive re-
moval of counterions at a constant temperature is easilv understood in
terms of the strong stabilization brought about by the ions to the “water
and DNA"” system.2 We note that the total energy of the system reported
in this work is more stable by about 20 kJ/mel than the system analyzed
in Ref. 2.

On the basis of our energy data, we estimate that the DNA and coun-
terion field extends up to about B = 26 A. Therefore, we expect that x-ray
crystal studies from single crystals should show evidence of DNA-to-DNA

@)
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Fig. 11. Average interaction eneryy for water with the remaining water molecules (water -
water), with the B-DNA fragment (water-[DNAL and with the ions (water jons) in the total
interaction as a function of R,

perturbation. As a consequence, the counderion structure in a single crystal
is expected 1o differ from the counterion structure of DNA in solution.

A study is in progress to determine the counterion structures of Lit, K1,
Mg?t, and Ca2*.

The research of G. Corongiu was partially sponsured by the National Foundation for Cancer
Research.
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Solvation of DNA at 300 K: Counter-ion Structure,
Base-pair Sequence Recognition and
Conformational Transitions
A Computer Experiment

Enrico Clementi and GiorEina Corongiu®!
International Business Machine Corporation
Poughkeepsie, N. Y. 12602

Introduction

Previously we have reported on the interaction between one water molecule and
the bases' and base-pairs? of the nucleic acids, A-DNA single helix’, B-DNA single*
and double helices*’. In addition, Monte Carlo simulations (at 300 K) have been
presented for a cluster of water molecules enclosing the bases and the base-pairs?,
or & limited region around A-DNA single helix® and B-DNA single helix.*s These
studies represent preliminary steps. We extend our previous effort by considering,
via simulations, not only a much larger number of water molecules than previously
studied, but also the effect of counter-ions, initially the Na* ion. We shall discuss
B-DNA interacting with either a few or many water molecules per nucleotide unit,
presenting our findings as a set of three successive approximations. In this com-
puter experiment the simulated temperature is 300 K, At first we considered B-DNA
and water molecules; secondly, we consider the same system, but to each phos-
phate unit we add a sodium counter-ion placed at a pre-determined position.
Finally we shall consider a larger B-DNA fragment and the water molecules and the
ions will be let free to assume the statistically optimal positions and orientations for
the temperature analyzed. This third step brings about a newly determined struc-
ture for the counter-ions. At each approximation we consider the full range of
relative humidities.

This study is applied to conformational transitions. On the basis of new findings
(counter-ion structure) we present a base-pair sequence recognition mechanism
and a quantitative simulation. ’

Graphical Representation of the Probability Density

Some of the analysis reported below is not carried out using probability density
maps, as done in the past? since these are somewhat difficult to read. The proba-
bility maps have been replaced by an algorithm described in the following four
steps: 1) after computation of the probability density maps, the probability density
maxima for the oxygen atoms are located, 2) for the hydrogen atoms, the proba-
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bility maxima are determined subject to the constraint of being located on a sphere
of radius equal to one half of the O-H internuclear separation in H,0, 3) a sphere of
radius 0.5 A is centered at the oxygen and at the two hydrogen atoms probability
maxima, and 4) the conformations from the Monte Carlo simulation are scanned to
determine how many times a water molecule fel into the volume defined in Ref.3.
We note that the assumption of a sphere around the oxygen and hydrogen atoms,
implies an isotropic probability distribution; as pointed out previously** the proba-
bility distribution is often anisotropic, especially at room temperature. On the other
hand, the advantage of the new method is that it allows a graphical representation
of immediatc understanding. The technique described here brings 60% to 80% of
the full set of the simulated conformations into the three spherical volumes associ-
ated to each water molecule, This representation is hereafter referred to as “the
average configuration”,

The water structure at high humidity is analyzed in greater detail, since it corre-
sponds to a situation expected to be rather near to the one for Na*-B-DNA in a
physiological solution; low humidity is of interest mainly for comparison with
physico-chemical (rather than biological) experiments, for example on DNA fibers.
The two strands and the constituent chemical groups are differentiated in this
paper by presence or absence of an asterisk; thus, for example, P(n) and P*(n}, G(n)
and G(n)* refer to the n-th phosphate group, or to n-th base (guanine) of either the
h or the h* helix, namely the two strands forming the double helix (h and h* are
short nrotation for the 5'-3' and 3'-5' strands, respectively). Water molecules are
labelled with an index and, in general, a water molecule with an index m has its
oxygen atom above (projection on the Z axis) any water molecule with an index
value larger than m.

We recall that in the first solvation shell one finds water molecules “bound” to sites
(bydrophilic sites}), and water molecules near the hydrophobic sites, generally acting
as bridges between hydrophilic sites. Thus the “first solvation shell” distribution
contains the “bound” distribution and additional water molecules. The difference
between the “toial”and “the first solvation shell” distributions provides the “grooves”
distribution. It is clearly a matter of taste to speculate how much a “groove distribu-
tion” coincides with “second and third solvation shells distributions”. We have
opted for the “groove” terminology, since it allows further differentiation between
major and minor grooves, a distinction of relevance in discussing nucleic acids.
Lewin' subdivides the major groove's water molecules into three belts (upper,
middle and fower); our subdivision is about equivalent, since the water molecules
of the upper and lower belts correspond essentially to our first solvation shell’s
water molecules.

127 e e

We note that since a water molecule experience the entire field of the DNA frag-
ment, there is necessarily an element of ambiguity in deciding if a given water
molecule “solvates” only a given site, unless an exact definition is provided. Our
selection criteria to assign a water molecule as “bound” to a given atom “a” of the
B-DNA fragment are: 1) the oxygen atom of water and the atom “a” internuclear

Figure 4. Water molecules contained in a disk of 4 A thickness and solvating B-DNA (insert A) and Na+-B-DNA (insert B); the radii of the two

circumferences are 14 A and 8 A, respectively.
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Solvation of DNA / A Computer Experiment

separation. Ria, O), must be smaller or equal to a threshold value T(a, 0) and 2
one hydrogen atom of a given water molecule and the atom “a” mternuclear
separation, R(a, H) must be compared to a threshold value Ti(a, H} to ensure the
proper orientatjon of that water molecule relative to the atom “a”. In this way we
can distinguish the case “a”—H-O from the case "a"—O-H (for example N: (in a
base) from H of NH.).

In Fig.l we report the projection onto the XY plane of the third (A3-T3*) and
fourth (C4-G4*) base-pair of our fragment (and the corresponding sugar-phosphate
groups) in order to clarify our definitions of “bound water”™, “first solvation shell
water” and “groove water.,” The thick solid line, composed by a family of circum-
pherences of radius T(a, O) and enclosing either AYT3* or C4-G4*, represents
regions of “bound” water molecules. A number of atoms “a” have been identified in
the figure with a larger dot to represent the nuclear position and the radius origin.
Some of the spheres are inside the thick solid line, like O3’ in A3-T3* and O2P, O3,
N3, N5 in C4-G4*. One can notice at a glance the strong overlap of these spheres,
and this fact constitutes the main reason for the “non-additivity " namely, the total
number of water molecules found to be bound to the DNA fragment is smaller than
the sum of the numbers of water molecules found to be bound to the atoms
composing the DNA fragment. However the “orientation” criterion imposed on the
hydrogen atoms (threshold T(a, H)) reduces considerably the above inconvenience.
The shaded areas at the periphery of A3-T3* and C4-G4* refer to water molecules
in the first solvation shell, but not bound to hydrophilic sites (see for example the
area for CH, of thymine in A3-T3*). Water molecules in this volume might be
counted more than once in our analyses, once as being in the first solvation shell
(for example of CH; for T3*) and once as being bound to a given nearby site.
Finally, in C4-G4* we have presented two PO3-Na* groups near to guanine, G4*.
Notice the overlap of O1P (at one phosphate group) with Na* (on the second
group), or the overlap of O2P at one group with 05" at the second group. Thus we
stress once more that a water molecule should not be physically associated to a
single site; its location and orientation are due to the entire field of the fragment.
An assignment is, however, essential in order to interpret experimental data, in
particular infrared, Raman and scattering data; and also it is very important to
describe and understand the solvent structure.

First Approximation: B-DNA and Water Molecules

The B-DNA double helix fragment we consider has been previously discussed (see
Figure 16. Bottﬂ.ﬂ;ff-’ft-' Procl;?cti%ﬂ of the S_Iﬂ‘isl:l‘{ai f;sl;t;ﬂifl’: zf ;‘“’ ‘W;T‘L‘:;’:Z‘:El‘::‘jﬁi‘“d;ﬁ )](J;‘; Ref.2), and consist of twelve base-pairs (namely, two more base-pairs than needed
= : n = ne. Iop-r s | N . . -
E‘:i}l:eéi:t::n:iei'ics:sn:n :lsn:lio:tsl?:af}::ﬁifn the p:osph:l:tes. I?Jp-feftfcombination of top-right and ;%reg;{oduqe a full BﬁDN.A doublo helix turn) WI.[ h the corresponding sugtar an:j
bottom-right for more than one B-DNA turn. ~CH, units. The following sequence of base-pairs has been selected: AT*, TA. .
GC*, AT*, CG*, TA*, GC*, CG*, AT*, TA*, CG*, GC*. The B-DNA double helix
fragment is enclosed into a cylinder with its axis co-axial to the B-DNA long axis
{z axis). The cylinder height is 36.0 A with a base radius of 14.5 A. The two
base-pairs and the corresponding sugar units have been added in order to improve
the interaction field descriptions at the bottom and top ends of the B-DNA frag-
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Figure 1. First solvation shell decomposition. Example for two subunits of the Na+-B-DNA fragment.

ment. In the Monte Carlo simulation below reported 447 water molecules have
been placed into the cylinder, The equilibration process was carried out for 2x10°
conformations; the statistical data below analyzed are obtained from additionat

=)
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2x10° Monte Carlo “moves” (these computations have been carried out on either
an IBM-370/3033 or a IBM-370/3081 computer).

Structure of First Solvation Shell

Let us start with a gross analysis of the computed data. In Figure 2 (insert A) we
report the distribution of the internuclear distances from an atom (either O or H) of
water to the nearest atom of the B-DNA fragment. The internuclear distance is
designated as Rii-a), where “i" refers either to a hydrogen or the oxygen atom in
water and “a” refers to the atom of B-DNA nearest to “i”. We indicate as N (i) the
number of atoms of type “i” located (from analyses of the Monte Carlo data) at a
R(i-a) distance from “a”. The R(O-"a") internuclear distance distribution (sze the
solid line of Figure 2) shows a very distinct peak with a maximum at 2.6 A {first
region), a second peak with a maximum at 3.4 A (second region) and a set of peaks
that approximately can be associated to an asymmetrical gaussian distribution with
a maximum at about 4.5 A (third region}. The first, second and third regions
contains approximately 180, 40 and 220 water molecules, respectively.

« A
3 L, e Hydrogen Atoms
30| :; EE Ouygen Alams
1
n} F
10
+0) B ﬁ_ ------ Hydrogen Atoms
Qzxygen Aloms
af |
F
20
Figure 2, Distribution of oxygen (solid line) and iy A Miajina
hydrogen atoms (dashed line) internuclear dis- * ; i ,
tances from the “a” atom of B-DNA (see text). Ao aA
Insert A for B-DNA, insert B for Na-B-DNA. 1 2 3 4§ & 7 @ 3

The R(H-“a") internuclear distance distribution (see the broken line in Figure 2) is
characterized by two very distinct peaks with maxima at 1.8 A and 2.8 A and a
distribution of peaks with decreasing intensity for large R(H-a™) values. From
these distributions we learn that most of the water molecules in the first region are
oriented with a hydrogen atom pointing to “a”; since the (H-a™) peak with 2
maximum at 1.8 A is somewhat broader and a bit more intense than the second one
(at 2.8 A), we can also conclude that a small number of water molecules have both

hydrogen atoms pointing towards B-DNA. The hydrogen and oxygen peaks separa-
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tions informus (26 A — 1.8A=08Aand 2.6 A — 2.8 A = —0.2 A) that, in general,
for the first region the hydrogen bond forms structures for the type “a”—H-0.

A detailed analysis of the oxygen atom distribution in the first region, indicates that
relatively few water molecules have the oxygen atom (rather than a hydrogen atom)
in proximity to an “a” atom. In general, we can associate the water molecules of the
first region to the first hydration shell. The water molecules of the second R(0-“a™)
region are less easily defined.

Let us now analyze the distribution of water molecules in more detail, by con-
sidering the probability distribution maps. In Figures 3 and 4 we report the water
molecules solvating either the phosphate groups in each of the two helices of
B-DNA or the water molecules contained in a disk of about 5 A thickness, (slicing
the cylinder perpendicular to the z-axis). In the figures, the water molecules are
represented with the new algorithm described above; we shall talk of “water mole-
cule number N”, as a short expression to indicate “the ensemble of water molecules
that falls within the volume number N, consisting of the previously described three
spheres of radius 0.5 A"

In Figure 3 (insert A), we report the ten phosphate groups P1 to P10 of h and the
corresponding sugar unit, but not the base-pairs, that are, however, indicated by
reporting the terminal nitrogen atom and by using the notation, T1, G2, ..., C10.
The outmost circumference has 14.5 A radius; the marks on the figure's frame are
at 2 A interval. The water molecules are seen from positive values looking down
toward negative z values. Only the water molecules very near the phosphate P1 (at
z = 18.1 A) to P10 (at z = —12.3 A) are reported. Since the “water molecules” are
numbered with an index of increasing value along the z direction (from positive z to
negative z), low indices (starting from 1) correspond to water molecules solvating
the top of the B-DNA fragment, high indices (approaching 447} correspond to
water molecules solvating the bottom of the B-DNA fragment.

Notice in Figure 3 the dual features of the water clusters: not only that the water
molecules enclose the PO group, but also they form hydrogen bonded filaments
(see for example, the water molecules 322, 230, 332, and 358 in the P8-P2 region).
The data in Figure 3 (insert B} provides a view of the water molecules solvating the
phosphate groups of the h* strand. In Figure 4 (insert A), we report only one
base-pair, the A3-T3* base-pair; the water molecules experience the immediate
fields of the G2-C2* and C4-G4* base-pairs (not reported in the Figure in order not
to further complicate the drawing). Notice, in addition that in the major groove
(Mg) there are ten water molecules (82, 108, 87, 132, 130, 109, 123, 85, 137 and 133)
whereas only four water molecules are found in the minor groeve (mg) (138, 103,
105, and 99); this situatiom changes when we extend the majee groove and the
minor greove volume up to a radius 'of 14.5 A. The physical reason fos these
findings is that near to the bases there is more “free” space in Mg than in mg, but
further out toward R = 13 or 14 A the field generated by the phosphates in the mg
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Figure 5. Water molecules in the vicinity of C7-G7*, A8-T8* (insert 7) and A&T8*, T9-A9* (insert 8) and
T9-AG*, C10-G10* {insert 9).

is stronger than the field generated by the phosphates in the Mg. A more quantita-
tive analysis is provided in Tables 1 and 2 of reference 11.

In Figure 5 (top inserts), we report the water molecules solvating three base-pairs.
One point should be immediately stressed: we report in these figures not only the
water molecules hydrogen bonded to one (or more) bases but also some of those
“nearby”’ the bases. For a given water molecule we use the following notation (in
addition to the index for the water “volume™): very sérongly hydrogen bonded
water molecules to B-DNA are differentiated from sérongly hydrogen bonded ones
by writing the solvated site either without or within parentheses. Additional figures
for the base-pairs are reported in reference 11.

For example, in Figure 5 (insert 7 top) the water molecules reported are in the
vicinity of the C({7)-G*(7) and the A(8)-T*(8) pairs; the base-pair {C-G*) is repre-
sented with full lines since it is at higher z-value than the lower base-pair (A-T*),
represented by dashed:fines. The water molecule 292 solvates very strongly the
phosphate group in h (P7); water 308 solvates very strongly S6* and also guanine
G7 of h. Water 295 is too far from any B-DNA atom to be assigned as solvating a
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specific group and therefore, it is labeled only as Mg, namely, one of the molecules
in the major groove. Finally water 319 is unlabeled, because it is not strongly
hydrogen bonded to any atom of B-DNA. Notice that often one water binds two
bases of two successive base-pairs {for details see reference 11). In conclusion, we
have considered three types of water molecules: very stron gly hydrogen bonded (to
one or more atoms of B-DNA) strongly hydrogen bonded, and weakly hydrogen
bonded. More precisely, water reported as very strongly hydrogen bonded are
those with an O-"a” internuclear distance not larger than 3.2 A. If the hydrogen
bond length is larger, then we classify it as a weak hydrogen bond. These criteria
are rather restrictive and somewhat arbitrary: the PO; field is very intense and a
water molecule “strongly” hydrogen bonded to one of the oxygen atoms in PO,
necessarily strongly feels the field of the remaining atoms in the PO, group. In our
classification of “hydrogen bond” we have included, as an additional criterion, the
requirement that the overall orientation of a water molecule must be one intuitively
reasonable; for example, the oxygen {of H,0) to oxygen (of PO7) internuclear
distance must be larger than the hydrogen (of H;0) to oxygen (of PO?) distance. In
Tables 3 and 4 of reference 11 we have reported in detail the water molecules
hydrogen bonded to the sugar units and to the bases, respectively. From these data
it is clear that 2 water molecule bridges very often two bases of two nearby base-

pairs, less often two bases of the same base-pair and seldom is bound only to one
base of a base-pair.

Average Interaction Energies

With these restrictive definitions and considering only strongly hydrogen bonded
water molecules, we summarize as follows:there are 5.9 water molecules solvating
each PO; group, 0.3 water molecules solvating each sugar group, 0.5 water mole-
cules solvating both the sugars and bases (namely, hydrogen bonded bridges be-
tween a sugar and a base) and (1.9 water molecules solvating a base. These average
values refer only to the first solvation shell, in the strict sense above defined; in this
way about 160 water molecules out of a total of 447 are considered. The average
water-B-DNA interaction energies {in Kj/mol) are —101.9 + 5.8, —86.9 4 4.3,
—85.9+4.4 and —63.4x4.2 for the PO7, sugar, sugar and base, base, respectively.
The average water-water interaction energies are —6.1 + 3.8, —12.6 + 37,126
= 3.5 and ~16.6 + 4.3 Kj/mole for the same groups above listed. We recall'? that
the interaction energy in bulk water is —35.6 Kj/mol.

Trans-groove and Interphosphate Water Filaments

The complexity of the structure of water in the two grooves is evident in Figure 6
(left insert), where we consider the water molecules enclosed in the volume between
two co-axial cylinders of radii 8 A and 12 A, respeciively, The figure reports the
water of only one half of the cylinder volume on a ¥, Z projection. To us the striking
feature of this figure is the clear evidence of hydrogen bonded water filaments
from a phosphate group of k to a phosphate groups of k*, spanning the major
groove, and of hydrogen borded water filaments connecting two successive phos-
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phate groups, from P(i) and P(i+1) in the h {(and/or in h*) helix. Wf_: have previously
commented on these filaments** which were surmised from the iso-energy maps’
or determined clearly in the A-DNA and B-DNA single helix Monte Carlo simula-
tions;** however the limited number of water molecules considered in our previous
simulations was limiting the validity of our suggestion. We note that this featuref.
the fitament existence — has been previously encountered in ion-pairs in solution.”
We feel that this feature is basic in any water solution containing fons, and will have
profound consequences to the understanding of dynamical and temperature depen-
dent properties of solutions with lons.

The hydrogen bonds shown in the figure are reported only if the oxygen-oxygen
distance (between two waters) is equal or smaller than 3.5 A, and il the oxypen-
hydrogen distance is smaller than the corresponding oxygen-oxygen distance. Typ-
ical water filaments (see Figure 6} are formed by the waters 310, 323, 343, 37’_7. }88
and 399 linking P7 of h to P11* of h*; or 271, 266, 292. 304, 339, 3537. 348, 364 linking
P6 of h to P10* of h*; or 220, 257, 288, 299, 328 and 340 linking P5 of h to P9* of h*,
These are transgroove filaments. Other structured filaments are present and con-
nect a phosphate to a successive phosphate in the same helix. Notice for exan?p]e.
the water molecules for the inter-phosphate filamenis 402, 384, 364 and 394 from
P11* to P10* and 364, 360. 351 from P10* to P9*. In the above examples waters 310
and 399 are terminal waters of a transgroove filament; the structure in the inzer-
phosphate filaments is different since the filament 402, 384 and 369 (from P11* to
P10*) continues with waters 360, 351 leading to P9*. It is stressed that these struc-
tures do not correspond to data obtained by analyzing one or few cor_:formarion.w.
but are statistically “stable " and meaningful structures. 1t is very tempting to postu-
late that proton "are transferred preferentially along these filaments.” Hence, thesg‘
filaments are of importance in reactivity studies. These structures are “dynamical
in the sense that a given structure can evolve into a different structure, at relatively
little expense for the total energy of the system. We refer to a number of early
experimental studies'** and to a review paper® for comparison to our data.

The experimental sequence of the hydration at different molecular sites" is reported
to be first at the two free oxygen atoms of POY, then at the two bonded oxygen
atoms of PQY, then at the oxygen atom of the sugar and finally at the bases. These
findings are both corroborated by our simulation and complemented with fanergeti_c
data on the water-site interaction energy. We find that the most attractive site is
PO, followed by the sugar unit and finally by the bases. From our results {and
reference 11} one can distinguish between the two free-oxygen atoms and the two
bonded oxygen atoms in PO,. However, one must keep in mind the facr that the
PO field is very attractive for water molecules and therefore, a sharp distinction on
the attraction for a water molecule from one of the two types of oxygen atoms
independently from the other is not too meaningful. On the other hand, we recall
that the field near the two free oxygen atoms is reinforced by the field of the two
bonded oxygen atoms. whereas the [ield at one of the two bonded oxgyen atoms
is weakened by the field of the -CH, group. These qualitative data are analyzed
below in a quantitative way.
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The number of water molecules solvating the PO group at room temperature
has been estimated™ to be between 5 and 6 in DNA neutralized by Na* counter-
ions. Our simulation yields 5.9 water molecules for B-DNA double helix without
counter-ions.

Indirect experimental evidences (angular distribution of near elastic scattering by
neutron diffraction”) suggests the existerice of transgroove water molecules (pref-
erential orientation along the main DNA axis).

Second Approximation: B-DNA, Water Molecules and Na* Tons at Fixed Position

In the previous sections we have considered aspects of the solvation problem for a
B-DNA double helix fragment. In this section the PO units have been neutratized
with Na* counter-ions. As known the double helix either in solution or in fibers, is
stabilized by the presence of counter-ions. As previously done, we use the Monte
Carlo techniques and ab-initic derived atom-atom pair potentials’'>2¥% and g
. variable number of water molecules (up to 447) to simulate the hydration at several

relative humidity values; all computations are performed at a simulated tempera-
ture of 300 K.

For the B-DNA fragment’s geometrical characterization, we refer to the previous
sections and to the original reference®. The Na* ion is placed near the free oxygens
of POY at its minimum energy position (the Na* atom-atom pair-potentials with
model compounds containing the PO3 group are obtained in our standard way?).
The ion is kept at this fixed position during the Monte Carle simulation; this is a
non-unreasonable approximation, because the very strong attraction from PO and
Na™ yields a well pronounced, localized and deep minimum. Singe, however, alter-
native positions for the Na* counier-ions could be considered, as later discussed in
this paper, we present this computation as a model study rather than as a reafistic
simulation, which would require the Na* counter-ions positions not to be fixed as
input but to be determined by the Monte Carlo technique.

In Figure 2 (insert B), we present the histogram for the number of oxygen (or
hydrogen) atoms, N(i), (i=0 or i=H) having a distance R(i-a) from the nearest atom
“a” of Na*-B-DNA. Comparing this histogram, with the equivalent one for B-DNA
(see Fig.2) we notice a broad oxygen atom’s peak with its maximum at about
R(0O-a)=2.5 A and extending up to somewhat more than 3.0 A and three (no longer
symmetrically placed) peaks at about R{(H-a)=1.8 A, 2.1 A and 2.8 A. Taking as first
shell ail the water molecules up to about R{i-a)=3.0 A, we conclude that there are
more water molecules in Na*-B-DNA’s first shell than in B-DNA. The reason for
the hydrogen atom orientation is to be found in the different orientation assumed
by a water molecule in the field of Na* ions**" relative to the orientation in the
field of the PO7 groups®. From Figure 2 we note a richer fine structure in Na*-B-DNA
than in B-DNA, especially in the region between R(i-a)=3.0 A and R(i-a)=9.0 A,
suggesting a more structured water pattern; in the region R(i-a)=0.0 A to Rii-a)=
3.0 A the integrated area of the distribution N(i) versus R(i-a) is larger than for the
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equivalent histogram in B-DNA, giving evidences of more densely packed water.
The fon-induced compression effect is fully expected on the basis of the energetic
differences for a water molecule in Na*-B-DNA, relative to a water molecule in
B-DNA as discussed in Reference 11. Less qualitatively, we obtain for B-DNA

R.

)= NOR=17%6 forRI=0.AandR2=30A
1
R,
n(H) = ‘[R NH)dR =373 forR1=0. AandR2=30A
i
and for Na*-B-DNA
R:
wo)= f NONR=211  forRI=00AandR2=30A
1
R,
= NGdR=418  forR1=00AandR2=30A
1

Clearly, the corresponding integrals from R1 = 3.0 to R2 = 14.5 A are:

for B-DNA for Na*-B-DNA

m(O) = 447 — n(0} = 27} m'(Q) = 447 — n'(0) = 236
m(H) = 894 — n(H) = 521 m'(H) = 894 — n'(H) = 476

In conclusion, considering a distance up to R=3.0 A from the nearest atoms of the
solute, we find 176 water molecules (and 21 residual hydrogen atoms, belonging to
other water molecules) in B-DNA; this number increases to 209 (and two residual
oxygen atoms) in Na*-B-DNA. Alternatively stated, the 22 Na* ions in l_3-DNA have
crowded in about 30 additional water molecules into the first solvation shell (or
about 1.5 water molecules per Na* ion) relative to B-DNA. It is noted that the
distance of 3 A, obtained from Fig.2 appears also in the early literature on DNA
solvation, particularly in the notable work by Lewin®.

An obvious consequence (as we shall later discuss in detail) of the ion—ind.u'ccd
compression effect is that the double helix conformation is sterically st.abahzed
relative to a less packed situation, {for example, B-DNA without counter-ions). A
second obvious consequence is that the ion-induced compression effect must be
some function of the counter-ions interaction energy with water, thus it will vary
from fon to ion. Experimentally, it is well known that temperature, rele‘ltive humid-
ity, ionic concentration and specificity are the variables capable to induce con-
formational transition in DNA (see below),

A complementary global analysis on the structure of water in Na*-B-DNA and in
B-DNA can be obtained by considering the number of water molecules enclosed in
the volume between two coaxial cylinders, with the main axis coincident with the
B-DNA fragment’s main axis (Z direction). We designate as R(i) and R{o) the radius
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Figure 7. Probabily distributions for water molecule’s hydrogen and oxygen atoms as function of R
solvating B-DNA and Na+-B-DNA. The three inserts at the top refer 1o total, “remainder” and “bound™
water distribution (left to right). Figure 7 is continued to right side page.

of the inside and of the outside cylinders, and we select AR = Rio) — R{) =02 A.
The resulting diagrams for the hydrogen probability distribution as function of R
{dashed line) and for the oxygen atom (full line) are reported in Fig.7 for B-DNA
and Na™-B-DNA. These diagrams can be compared also with the iso-energy con-
tour maps, previously reported for A-DNA, B-DNA double or single helix?%,
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In the figures we report the probability distribution for the 447 water molecules
(total” distribution), a partial distribution related to the water molecules bound to
hydrophilic sites (“bound™ water molecules distribution} and a second partial dis-
tribution (“remainder”} defined as the difference between “rotal” minus “bound”
distributions.
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In Figure 7 we report details of the distribution around specific groups (hereafter,
referred as “sites analyses "y, namely the N:, NH,, CO sites of the bases, the oxygen
01’ of the sugar, the bound oxygen O3’ and of PO, the two free oxygens O2P and
O1P of PO, and Na*, the 05" has no bound water molecules. In the abscissa we
report R in A and in the ordinate we plot the number of oxygen (or hydrogen) atoms
contained in the previously described volume element defined by Rii} and R(i)+0.2
A. Since a given water molecule {as previously pointed out) can belong to the first
solvation shell of more than one atom (of the solute) the distributions of the water
molecules for the N:, NH,, CO, 01", O3', O2P, O1P and Na' groups are not
additive.

In Figure 7 the oxygen atom peaks are identified with capital letters, A, B, ... U
and the hydrogen atoms peaks are identified with lower case letiers a, b, ... z.
For the site's diagrams the peaks are indicated with numerals,

Before analyzing the distribution data in Figure 7, we explain the main features of
Figure 8. For each probability distribution (Figure 7} there is a corresponding
energy distribution, reported in Figure 8. The energy units are Kj/mol. The minima

@

Solvation of DNA [/ A Computer Experiment

===~ 1OP|Q|- R S| T|UV + -
aslclolel-|-lalHi[1 |- | Na'- B- DNA
L T 4 ) .
NN o0 with 447 W.
o 50 120 Na
g 0 140,
:3_ -160 10 1z 14 -120 -U N:
ﬁ_-mn e
-140 130 WJ\@P
-150} -120 s NH
7 AT _“OEWE’ 2
@ -120 i T8
2 w agf ViV 0P
:3. 1041 5 1 13 -14p V\/ -co
¥ : E ‘
o e

L
»
o

-110 . 03 .
-1301- '~

8 10 12

E(K.J/Mole)
B8 e

Continuation of Figure 8 from left-hand side page.

in the energy distribution are given by capital letters for the “total”, "bound” and
“remainder ' waters, by numerical indices in the “sites™ analyses. The energy distri-
bution are given as full lines or as dashed lines depending on the statistical signifi-
cance of the energy. For example, in Figure 8, the energy distribution for the N:
atoms (bases) shows two minima, designated as 1 and 2; the corresponding proba-
bility density distribution (Fig.7) is low in the interval R=2 A to R=4 A, therefore
the corresponding energy distribution is statistically not too meaningful, and is
reported as a dotted line rather than a full line.

The analyses of Figures 7 and 8§ is facilitated by recalling the R value of few
important groups or atoms of the DNA fragments (where R is the distance of a
given DNA atom from the long axis of DNA). For adenine the two hydrogen atoms
of NH;, are at R=1.8 A and R=2.8 A and the lone pair nitrogen atoms are at R=3.2
A (N3) and R=4.0 A(N7). For cytosine the two hydrogen atoms of NH, are at R=2.1
A and R=37 A, and the oxygen atom at R=3.7 A(02). For guanine the 1two
hydrogen atoms of NH,; are at R=3.0 A and R=4.0 A, the two lone pair nitrogen
are at R=3.3 A (N3) and R=3.9 A(N7) and the oxygen atom at R=1.7 A(06). For
thymine one oxygen atom is at R=2.8 A{04) and the other is at R=23.6 A(02). These

2
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are not the possible bonding sites for the single bases or the base-pairs in solution,
but for the base-pair in B-DNA double helix. As known, more sites are known in
solution” for separated base-pairs, but these are not present in B-DNA mainty due
to steric hindrance because of the base-pair stacking and the presence of the sugar
groups. For the sugar the oxygen atom O1” is at R=6.2 A. For the phosphate groups
the two free oxygen atoms are at R=10.2 A (O1P) and R=9.1 A(Q2P), whereas the
two bound oxygen atoms are R=6.7 A{O5'} and at R=8.8 A(03'); we recall that
05" is near the CH, hydrophobic group. The sodium ions are placed as previously
discussed at R=10.7 A.

With all the above in mind, we can now analyze the data of Figures 7 and 8. Let us
start by comparing the “foral” distributions of the 447 water molecules in B-DNA
and in Na*-B-DNA (top left inserts in Figure 7). We notice a set of peaks for the
hydrogen and for the oxygen atoms; the two higher peaks for the oxygens {peaks K
and I) at R=10.8 A and R=11.7 A for Na*-B-DNA can be compared to the highest
peak, U at R=14.2 A, in B-DNA. The shift confirms the ion induced compression
effect, previously mentioned in analyzing Figure 2 (insert B). Equally evident is the
main overall feature in the hydrogen distribution (relative to the oxygen distribu-
tion}; the hydrogens are shifted toward smaller R values in B-DNA than in Na*-
B-DNA; in addition the B-DNA and the Na*-B-DNA patterns of peaks are different.
A peak by peak identification can not be made without reference to the distribu-
tions of the “remainder” water (Figure 7, top middle inserts) and of the “bound"
water molecules (Figure 7, top right inserts). By integration of the “bound” distribu-
tion we find that in B-DNA 157.+2 water molecules out of the 447 are “bound"
water. The “remainder” water molecules population increases with R (as fully
expected), with a characteristic pattern (peaks M to U in B-DNA, M to Y in
Na*-B-DNA}. By comparing Na*-B-DNA with B-DNA we notice that the “remain-
der” remarkably shows the ion induced compression effect. This is to be expected;
indeed these molecules can be compressed more readily than the bound molecules.
the latter being trapped at the sites, that is, at the most intensive and attractive field
region, as shown by the energy distributions for the water molecules in the “remain-
der” relative to those in the “bound” (see also Figs.11 and 12, the three inserts at the
left side).

The presence of the counter-ion brings about another giobal effect: in Na*-B-DNA
the bound water molecules have approximately a constant energy attraction from
R=4.0 A to R=12.0 A, whereas in B-DNA the bound water molecules are mare
attracted at R=13.0 than at lower values of R. Thus, the counter-ion brings about
an over-all increase in the attraction for ail the water molecules, and this effect is
more prominent for the water molecules near the base-pairs than for those at large
R values. Another important feature is that the “remainder” water molecules show
the lowest energy at R=6.0 in Na*-B-DNA, {minima M and N} whereas the lowest
energy is between R=6.0 A and R=11.0 A in B-DNA {minima N, P, Q, and R). This
observation brings about at least two conclusions. First, @ molecule (for example,
a carcinogenic or an anti-carcinogenic molecule with polar groups) is expected to
be "pressed” toward the base-pair by the field of the counterions, displacing

@)
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groove's water molecules. Second. theoretical computations on carcinogenic or anti-
carcinogenic compounds performed on models where only a single base or a
base-pair are considered. rather than a full fragment of DNA with its counter-tons
might be not too relevanr to problems related to the DNA interaction with such
compounds, unless, case by case, it has been quantitatively demonstrated that the
solvent and counter-ion effects are small relative 1o the computed interactions
between DNA and the chosen compound (at the temperature in consideration).

Let us continue with the anatyses of the data in Figures 7 and 8; in this section we
shall focus on the “bound " water molecules. To understand the density distribution
peak by peak and the energy minima, we have to consider the “sires analyses™
reported in Figure 7 and 8. Let us start with B-DNA (Figure 7, top right insert and
the seven small insett at the bottom). Peak A is formed by peak 6 of NH,; and by
peak 13 of CO; peak B is formed by peak 11 of NH,: peak C is formed by peak 3 of
N:, peak 8 of NH., peak 18 of O1' and peak 16 of CO: peak D is formed by peak 29
of O2P, and peak 20 of O1': peak E is formed by the right shoulder of peak 29 of
O2P (not identified by a number); peak Fis formed by peak 24 of O3', by peak 31 of
O2P (the peaks at R=8.8 A.9.3 A, 9.8 A and 10.2 A have been collectively labelled as
peak 31 in O2P} and by the beginning of peak 35 of O1P; peak  is formed mainly

Table 1
Solvation of B-DNA without and with counter-ions at T=2300 K:
water's population bound to sites and its interaction energy (Kj/moli*

B-DNA Na*-B-DNA #of
# Site's Name Waters Energy Waters Energy Sites
1 OIP 62.29 — 10818 4747 —133.54 19
2 02P 46.44 —111.12 3591 —141.97 19
3 05’ 1.59 —%0.40 0.95 =131.25 19
4 03 16,49 —41.09 17.56 —124.92 19
5 Nat - ———en 65.87 —-134.73 19
6 ot' 15.29 —98.68 16.02 —139.87 19
7 NH; (A} 5.53 —83.93 4.50 —126.93 5
8 NH, (&) 9.84 —79.96 10.56 —120.87 5
9 NH: (G) 4.86 —93.80 5.58 —141.66 5
10 N3 (A 227 —85.10 1.78 — 136,07 5
1i N7 (A} 0.95 —84.63 1.34 —121.55 N
12 N3} G) 2.54 —98.23 2.68 —139.84 5
13 N7 (G} 1.16 —83.46 2.45 —120.66 5
14 0 (T) 1.98 = 108.00 2496 —151.03 5
15 04 (T) 4.58 —80.10 4.47 —125.50 5
1] 02 (0) 2.00 ~48.51 2.00 —142.77 5
17 o6 1G) 516 —H6.58 5.26 —126.29 5
18 Boundary (type 1} 1499 —106.94 11.62 — 130,712
19 Boundary (type 2) 0.00 7.78 = 13084
20 Total 158.47 - 103.87 142.52 —133.75

*In the last column we report the number of times a given site is present in the fragment (excluding the
top and bottom which are considered in the boundaries).
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Table II
Solvation of B-DNA without and with counter-ions at T=300 K:
population of water bound to groups of sites and its interaction energy (Kj/mol)*.

B-DNA Na+-B-DNA
# Groups of Sites

Waters Energy Waters Energy
1 O1P, O2P, 05", 03 113.36 —107.35 93.54 —135.84
2 O1P, 02P, 05", 03", Na* —— e 141.70 —134.93
3 NH; (A.C.G) 17.56 —84.39 1872 —127.56
4 N: (A G} 6.92 —89.57 8.25 —130.36
5 0 (C.G.T 11.32 —90.99 12.96 -134.09
6 Adenine 845 —83.90 7.02 —128.12
7 Cytosine 11.83 —83.09 12,56 ~-124.36
8 Guanine 13.25 —91.00 14.81 —132.78
9 Thymine 6.56 —88.52 7.83 —13515
10 AT 12.56 —86.60 13.87 —132.55
11 G-C 21.14 —87.15 22,76 —129.18
12 AT, G-C 24.56 —87.04 30.04 —130.16
13 AT, G-C, O 31.15 —89.20 35.56 -130.17

14 (ph-8) (base-pair) (S-ph) 15.05 = 0.10 19.00 + 0.10

*See Table [ {last column) for number of sites (and, therefore, of groups of sites).

by peak 31 of O2P. peak 24 of Q3" and peak 35 of O1P; peak H is formed by peak 33
of OIP, by peak 31 of O2P, and by peak 26 of O3'; peak [ is formed by peak 35 of
O1P (the maximum of this peak), by peak 34 of O2P and by peak 26 of O3'; finally,
peak L is formed by peak 38 of O1P (the low sub peak of L corresponds to the low
sub-peak of peak 38 of OIP (at R=13.0 A)). Thus each feature of the "bound”
water distribution is now fully identified.

In Tables I to IV we condense the finding discussed up to now. In these tables
additional “site” decompositions are presented relative to those given in Figure 7.
mainly to further characterize those sites known to be of basic importance in
problems related to carcinogenic activity and intercalations. We have excltrded from
the analyses the top and the bottom base-pairs (A0-T0* and G11-G11*) and the
connecting three-phosphate groups and five sugar units. The exclusion, was made
in order to delete possibly spurious data due to boundary condition artifacts. The
water molecules at the top and bottom’s boundaries are designated as "Boundary "
type I or type 2 depending if the binding is of type “a"-H-O or “a"-0. Table 1
considers water molecules “bound™ to specific sites (like O1P or O2P); Table 11
considers groups of sites {like all the oxygen atoms in PO} ); Table 1II considers not
only “bound” water molecules, but ail those forming the first hydration shell; Table
IV considers the water molecules around hydrophobic groups containing H atoms
(-CH, CH, and CH,) and is given to allow further interpretation on infrared or
Raman and nmr studies at the carbon atoms. The information provided by these
self-explaining tables compared to the experimental data accumulated in the last

twenty vears can be taken as an indication of the evolution in simulation tech-
nigues.
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Table IT1
Solvation of B-DNA without and with counter-lons at T=300 K:
population of water and its interaction energy (Kj/moh
in the first Solvation shell.

“Regions” within first B-DNA Nu-B-DNA
? Solvation Shell® Waters Encrgy Walers Energy
1 OQIP, 02P, 05%. 0%, CH; 136.78 —104.31 146.10 —133.39
2 OlP, O2P, 05, 0}, CH; Nat —— 170.09 — 1335
3 01 15.36 —98.04 16.21 =140
4 sugar {C,OH:) 83.83 -97.9 100.33 —134.21
5 NHiA,C.OY 19.97 —83.93 20,77 —127.85
6 N (A,G) 7.08 —84.71 R.60 —§29.92
70 (C.GT 14.32 —¥).99 12.560 -134.09
8 Adenine 11.81 —#6.63 13.9) —133.89
9 Cytosine 19.56 —§7.33 18.11 —124.48
10 Guanine 19.54 —45.24 20.47 - 13505
11 Thymine 15.63 —47.14 15.33 —132.18
12 AT 24.37 —-§7.30 23.93 —132.47
13 GC .84 —91.73 33.40 —130.46
14 AT.G-C 47,80 —=91.14 50.18 = 12108
15 A-T, G-C,(C.OH.) 106.74 —494.32 122.72 —=121.94
16 Total for first solvation shell 185.31 —99.74 223,39 —130.63
17 Total for Grooves 261.70 —-64.9 223.62 -91.74
I8 Total (water-water & water B-DNA) 447.00 —74.36 447.00 = F11.30
—  (Water-water + total interaction) —15.61 + 0.05 —22.0 £ 0.05
—  (Water-B-DNA + total interaction} ~63.75 = 0.8) -§9.3 + 0.4
*See the last column of Table t.
Tahle IV

Water molecules perturbing hydrogen atoms ihydrophobict in B-DNA
without and with counter-ions at T=300 K*.

B-DNA Nat-B-DNA

Grou . Atoms of grou
roee growp Waters Energy* Waters Eneegy*
CH, H5"L, H5'2 43.32 —05.12 46.95 —128.30
C.OH, H3, H4 55.97 ~—45.80 o417 —131.06
" H2'1, H2"2 2213 —94.59 259.69 =-137.11
H1' 12.44 —98.98 10.80 —13%.79
Bases H in A** 3.24 —42.57 4.63 —144.57
" Hin C** 9.56 —89.08 523 —123.%
Hin G** 500 —=104.24 709 — 1308
Hin T** 1004 —95.12 9.38 — 12849

*Kj/mol.

**The hydrogen atoms either involved in the base-base hydrogen-bonds or in the NH; groups are not
considered in this Table.
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The “sharing” of water molecules at different sites has been pointed out previously
in the single-helix (A-DNA and B-DNA) solvation studies® as well by Lewin', In
this paper a more definite answer is provided. For example the sites at the bases
(lines 6 to 9 in Table 11) are cumulatively solvated by 24.56 water molecules, but
considering the sites, one by one, 40.09 molecules of water are involved, namely
about 40% (15.33) of the water molecules are “shared”. The “sharing” percent in
the water bound to the phosphate sites (lines 7 to 10 and composite analyses at line
11) is rather small and we interpret this fact as a consequence of our stringent
criteria for the thresholds T(a-H) and T{a-0); relaxing these values we would
include “second” solvation shells, where the “sharing” is even more prominent (see
Ref.4 and 9).

Structure of Water at High Relative Humidity: “dverage Configuration” Representation

Let us now analy:ze the water structure making use of the “average configuration”
data. In Figures 4 (insert B and 9, we analyze the water molecules either included
in a disk volume 4.4 A thick (from Z=12.1 A to Z=7.7 A, see also Figure 4 (insert
A) or the water molecules hydrogen bonded to the h* helix (see also Figure 3 (insert
B).

In Figuze 4 (insert B, we report the third base-pair A3-T3* and those water mole-
cules fully inside the disk. Several water molecules below discussed are only partly
within the disk and are not reported in the figure. To simplify the figure we have
omitted the G2-C2* base-pair immediately above A3-T3* and the C4-G4* base-pair,
immediately below. There are four phosphate groups in this disk, P3, P4 (top of
figure} and P3*, P4* (bottom of figure). The four Na* ions are indicated with a full
dot connected to the free oxygen atoms of PO by dashed lines. The P3 phosphate
group is hydrogen bonded to the water molecules 60, 100, 124, 132 and 133; the P4
phosphate group is hydrogen bonded to the water molecules 95, 121, 160, 172 and
185; the P3* phosphate group is hydrogen bonded to the water molecules 73. 83,
105, 128 and 147; the P4* phosphate group is hydregen bonded to the water mole-
cules 109, 112, 131 and 156. The Na* ions are solvated as follows:Na*(3) is hvdrogen
bonded to the water molecules 83, 97 and 126: Na*(4) is hydrogen bonded to the
water molecules 122, 159 and 160; Na*(3)* is hydrogen bonded to the water mole-
cules 74, 93 and 128; Na*(4)* is hydrogen bonded to the water molecules 123, 131,
167 and 169. The water molecules 128, 131 and 160 establish a hydrogen bond to
both the phosphate and the Na* jon. Concerning the base-pairs, the water molecule
91 is hydrogen bonded to G2, T3* and C2*; 111 is hydrogen bonded to AJ; 140
is hydrogen bonded to T3* and G4*. The remaining water molecules of Figure
13 are either second or third shell solvation and therefore fill the major or the
mNor groove.

In Figure 9, we consider the water molecules hydrogen bonded to the Na*-PQ7
groups in the h* helix; in thefigure we have indicated the sugar residues and the N1
or N9 atoms of the bases. Comparing this figure with Figure 3 the denser water
packing in Na*-B-DNA relative to B-DNA is apparent.

G

@)

Solvation of DNA / A Computer Experiment

Figure 9. Water molecules solvating the sodium-phosphate groups of the h* strand of Nat-B-DNA;
“average” configuration,

In Figure 5 (bottom inserts) we report the water molecules “bound” to three base
pairs or in its immediate neighborhood. Additional figures for the base-pfalr se-
quence of the B-DNA fragment are reported in reference 32, One base-;?alr (thf:
one at higher Z) is presented more markedly than the second, which lies‘ 1¥nmed1-
ately below (looking from the Z axis). From this figure, the average position and
orientation of the water molecule solvating the base-pair can be obtained. The
structure accepted by the water molecules represents the effect of the totality of
the forces acting on each water molecule, namely the effect of the interaction
energy between a given water molecule and the rest of the solute-solvent system.
By shifting the stress from forces to interaction energy we implicitly restrict our§elf
to a static representation (Monte Carlo} and we neglect the dynamic representation
{molecular dynamics).
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Today’s literature on “theoretical” studies for solvation of biomolecules often ne-
glects temperature averaging and makes use of a “single configuration" despite the
availability of Monte Carlo techniques, proposed about twenty years ago. In addi-
tion, in today s literature often too small a fragment and too few water molecules
are considered. For example, B. Pullman and his group™ have analyzed the solva-
tion of a three base-pair fragment of B-DNA. The water molecules were placed one
after the other at one half of the fragment, ror afl ar once. The implicit assumption
of these authors is that the position for one water molecule does not depend on
the positions of the following water molecules, but mainly depends on the posi-
tions of the previously placed water molecules. As known (see Ref. 34) this assump-
tion is incerrect and in the Monte Carlo technique much effort goes into erasing
the memory of the starting configuration. Since from experimental data it was
known that 4 to 6 water molecules solvate a phosphate group, 17 water molecules
were selected™; five were placed at each phosphate group and the remaining two
were placed at the three base-pairs. This starting configuration unfortunately biases
the final geometry output. Therefore, the simulation™ reports mainly “boundary
effects” {since the fragment is too small), at low-intermediate relative humidity
(since 17 water malecules are too few to describe high humidity) and with tempera-
ture neglection. This type of computational study, if improved, yields structural
data not dissimilar from those obtained using “sticks and balls” models, as clearly
demonstrated in the early work by Lewin.”

Structure of Water in the Grooves

We recall that in the first approximation we have commented on the intra-phosphate
water filaments {connecting P(n) to P(n+1) or P*(n) to P*n+1)) and inter
phosphate or “trans-groove” water filaments {connecting P(n) to P*(m}). In Na*-B-
DNA the ion-induced compression effect brings about an added feature relative to
B-DNA, namely we observe hydrogen-bond cross-linking between inter-phosphate
water filaments.

in Figure 6 (right insert), we examine the structure of water in the minor and in the
major grooves selecting waters with 8<R=<13 A. The water molecules are pro-
jected onto the Y-Z plane, namely a plane containing the long axis (Z axis) of DNA
(see Fig. 10); we have selected those water molecules with positive value for the X
coordinate of the oxygen atom. The figure is seen from the +X direction; the five
atoms forming a phosphate group are reported; full dots represent the two bound
oxygen atoms O3’ and O5', whereas open dots represent the two free oxygen
atoms O1P and O2P. The Na* ion is represented by a full dot. The space enclosed
by two lines passing through P3, P4, P5, P6 and P7 and through P8*, P9* P10* P11*
corresponds to the major groove; above and below it are portions of the minor
groove. Dotted lines between atoms of water molecules indicates a water-water
hydrogen bond.

For Na*-B-DNA the solvation pattern can be described either in term of cross-
linked inter-phosphate water filaments or in terms of local cyclic structures com-
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posed of about 542 water molecules. For example, the water molecules 293, 321,
330, 359, 371 can be considered as a inter-phosphate filament; a second filament is
formed by the water molecules 293, 327, 338, 350, 334, 375, 403. The cross-linking
water molecules for these two inter-phosphate filameats are water 334 and 375.
Alternatively, cyelic structure representations are given, for example, by the water
molecules 327, 321, 330, 359, 375, 354, 350, 338 or 375, 359, 371, 393, 403. At this
stage we do not see any reason to prefer the cross-linked filament "model™ over the
cyelic structure “model™.

The above “low™ resolution structure of water molecules in the grooves is now
complemenied with the “high” resolution obtained not from the “average” configu-
ration, but from a full statistical analysis on the 2x10* Monte Carlo configurations.

First we partition the water molecules into those belonging either to the major or to
the minor groove. The cylinder containing the solvent-solute system is subdivided
into sectors (see Fig. 10, left side insert). For a full B-DNA turn there are N sectors
of angle a and height (along Z) equal to 13.2 A for the minor groove and 20.08 A
for the major groove; for a full B-DNA turn there are 360/a =N sectors (in the figure
we have represented four sectors in the minor groove). We select a clockwise
rotation for a {with a =0, y=0 and x positive, see left side of Fig. 100. Finally, to
increase the resolution in locating a water molecule in the grooves, each sector is
partitioned into four sub-volumes, as indicated at the bottom left insert of Fig. 10,
by subdividing R into four segments, namely 0.L0A<R<4.0. A, 40A=R<R0A,
8.0A=<R<12.0A and 12.0A<R <R(max)=14.5 A. In the right side insert of Fig. 10
we report the phosphorous atoms of the h and h* strands; these atoms are on a
cylindrical surface and have been projected onto XZ plane. When « increases from
0° to 180° (or 180° to 360°), we consider all those water molecules with negative
{or positive) value for Y. We count the water molecules which fell into one of the
four sub-volumes of a given sector selecting those left out from the previous analyses
performed for the first solvation shell (therefore, only true “groove™ molecules are
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Figure 10. Grooves analyses: sectors and sub-
volumes (left), major and minor (dashed) grooves
{right}; the bottom sczle is seen from the -Y axis,
the upper scale from the Y axis.
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considered). After several trials we have selected @ =4° as the value vielding a clear
graphical representation which is reported for the major groove in Fig. 11 (top
msert) (the values reported on the abscissa foltow the definition used in Fig. 10}; the
dashed vertical lines identify the position for the P* atoms (of the h* strand} and the
marks at the top of the figure identify the position for the P atoms (of the h strand).
In the figure we compare Na®-B-DNA with B-DNA, In the region 0. A<R<4.0A
there is no groove water, as previously pointed out for example, by considering
iso-energy maps?*?,

The number of water molecules (Nw) and the average interaction energy per water
molecule, E {in Kj/mol) varies with R as reported below:

Limits Nw E Groove Solute
4=R<8 L3R —125.38 minor Na+-B-DNA
4<R«<§ 13,82 =104.25 major Nat-B-DNA
4=R<8 0.0 0.0 minor B-DNA
4<R<8 9.22 —66.93 major B-DNA
8=R=12 19.70 —Y8.52 minor Na+-B-DNA
8=R<I2 74.02 -97.22 major Na+-B-DNA
8<R<I2 18,94 —72.47 minor B-DNA
8=R=12 64.87 —66.17 major B-DNA
12=R =R{MAX) 49.77 —88.54 miner Na+-B-DNA
I2=R =RIMAX) 64.41 —82.58 major Na+-B-DNA
12=R<R(MAX) 64.92 —-63.75 minor B-DNA
i2=R=RIMAX) 102.95 ~61.76 major B-DNA

From the above data we learn new feature on the packing of the water molecules in
the grooves.

The interaction energy in the minor groove is larger than in the major groove ias
expected because the attractive sites are nearer in the minor groove). For B-DNA
the interaction energy is nearly constant in the major groove, as previously pre-
dicted®* but it increases sharply by decreasing R for Na*-B-DNA. Thus the grooves
can be seen as channels to convey reactants to the base-pairs; the “flow” iu such
channels depends both on the counter-ion position and specificity. and on sterical
factors of the reactant.

In Fig. 11 a more detailed representation of the “groove” water molecules in the
major groove is given. An equivalent diagram for the minor groove shows the same
periodicity of peaks but with fower intensity; these peaks represent the “intra”
phosphate filaments previously discussed. The gross characterization of the inten-
sity distribution given in Fig. 11 is the nearly periodic existence of peaks, approxi-
mately evenly spaced (Ada = 10°), well developed in the rtegions 8<R<12
and 21=R sRimax) and weakly as well as infrequently developed in the region
4A=R=<8. The peak pattern clearly points out the existence of a siructural organi-
zation which even if temperature dependent, is not destroyed by thermal motion at
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room temperatuie. The intensity of the peaks 1. ¢, , the number of water molecules
bound to the phosphates) adds up to “filaments™ of about 3 1o 7 water molecules,

The number of water molecules, Nw, and the average interaction energy per water
molecule, E, with consideration given not only to the groove's water but also to the
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Figure 11. Probability distributions for water molecules in B-IDNA and Na +-B-DNA mijor groove opt
first solvation shell and groove water molecules (hottom).
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first solvation shell water molecules, are partitioned into the sector’s sub-volumes

is higher for Na*-B-DNA than for B-DNA, as expected. The emerging picture is
are as reported below:

that a water filament starts as bound water. continues as groove water to end as
bound water, in agreement with the previous findings.

Limits Nw E Groove Solute

0<R<4 0.0 0.0 minor Na+-B-DNA In the sub-volumes from R=12 A to R=14 A the groove water is responsible for
0=R<4 115 . —125.25 major Na+-B-DNA most of the intensity of the peaks, especially in Na*-B-DNA.
0<R<4 0.0 0.0 minor B-DNA
O=R -4 192 —87.10 major B-DNA Water Solvation of DNA at Low and Medium Relative Humidity
4=<R<8 2025 —137.12 minor Na+-B-DNA
4sR<8 47.56 — 11848 major Na*-B-DNA As known (see Refs. 14, 15, 16 and 26) in adsorption-desorption experiments, the
:fg:g g;g :g?ig 2:'];): g:gzi isotherm presents a characteristic growth curve. The experiments are generally

. o - : performed on DNA fibers, and in these conditions there are several parameters to
S<R-1 o e minor Na®-B-DNA keep in mind, even at constant temperature, constant relative humidity and con-
gjﬁ::; l;j:;g _:El&?f:ﬁ :?r]](c]): Na+.g:gz: stant ionic concentration. By decreasing tor increasing) the numhqr_ of water mo_lv
S;R<12 121.26 —87.74 major B-DNA cules, there is a reorganization in the ent_lre water sy’st}am. In add_il]oq the relative
125sR=R (MAX) 65.56 —98.90 minor Nat-BDNA position of the DN;"\ units in the fiber varies (a swallowing of the fiber is obser\‘cn_ll.
12<R =R (MAX) 89.52 —96.02 major Na+-B-DNA Moreover. concomitant with the reorganization of the water and of thc»DNA units
12=R <R {(MAX) 72.56 —68.33 minoy B-DNA within the fiber. conformational variation in the DNA can occur. Finallv, fiher
12=R=R (MAX) 117.12 —67.96 major B-DNA diffraction data are limited to about 3 A resotution. An advantage in simulating the

water structure around a fixed-geometry Na*-B-DNA fragment is that the energetic
and structural variations of the water system can be followed. without the worry of
the notable additional complications associated with the interactions of one DNA
molecule (and its solvent) with other DNA molecules in the fiber.

One can notice that the distinction between the major and minor groove. extends
outside the dimension of the solute. Remembering that the Na* jons are at the
periphery of B-DNA (at R=10 A}, the groove structure extends into the liquid
surrounding DNA. We shall call “classical groove volume™ the one up to R=12. A, O1P

[
and “extended groove volume " the one starting at R=12. A. The latter ends when e 2Ho s
E=—236 Kj/mol. namely when the value of R for the water is equal to about 20 to z & TOTAL k e
25 A. In Fig. 11 (bottom insert) we report the water molecules present in the major z :E — [ w,  RIAVIE o g
groove, considering not only “groove™ water but also first solvation shell water B2 s anun 6 8 W2 & w0

molecules. The peaks presented as dashed areas correspond to groove water mole-
cules; those presented as a line-contour correspond to groove and first solvation
shell water molecules. To facilitate the understanding of the figure, some of the
peaks are labelled with numerals. In the first sub-volumes (0. <R <4.A), most of the :
water molecules are present as first solvation shell rather than as proove waters.
Peaks 1,2,3,5,6,7,9, 10, 11 and 12 have a groove’s water contribution, which is
sometimes very small {for «xample, peak number 10); no groove contribution is "
sometime present (for example, peaks 4, 8 and 13). In Na*-B-DNA the groove

contribution is larger thar in B-DNA, because of the ion compression effect. The
NH; groups for A, G and C are in the vicinity of the peaks 1,2.3, 8,9, 13. 14 and 15;
the O4(T}) and the O6(G) atoms are in the vicinity of the peaks 4, 5, 7, 11 and 12:
nitrogen lone pairs {N7 of G and A) are in the vicinity of the peaks 4, 6, 8, 9, 10,
12 and 13. Rotations of water molecules {and thermal effects) are expected to be
appreciable mainly for the water molecules corresponding to the dashed area.
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In the sub-volumes from R=4 A to R=8 A each first solvation peak is enhanced by
groove water contributions {exceptions are at the boundaries). The peaks intensity

Figure 12. Probability distributions for 22, 44 and 142 water molecules in Nu®-B-DNA.
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We precede the following analyses by reporting average distributions computed by
adding to the Na "-B-DNA fragment either 22, 44, 142 or 257 water molecules. The
results are reported in full detail in Tables X1 to XIV of reference 32 and are
summarized here in Figures 12 and 13.

For 22 waters the sites interested are Na*, O1P and O2P; one water molecule is
bound to each POY-Na* unit. A water molecule is bound with about equal proba-
bility to Na® and O2P. but less to O1P. The 05’ and O3’ site “do not participate”
(the analyses on O1P and O2P yields a sum of 17.80 water molecules}; by consid-
ering also O5' and O3’ and the CH, group, this value does not change. Essentially
two distributions are found, one with a water bound both to Na* and Q2P, and a
second, less probable with a water bound both to Na* and OIP.

In order to accommodate 22 additional water molecules, the original distribution
of the 22 water molecules is fully re-arranged. Indeed for the case of 44 water
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Figure 13. Probability distributions for 257 water molecules in Na+-B-DNA..
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molecules, the OY' site starts to be interested, the O1P and the Q2P site's differ-
ence, in water population, becomes smaller than for the case of 22 water molecules,
and the average energy of a water molecule interacting with PO'-Na* drops from
~155.75 Kj/mol (for 22 waters) to —148.45 Kj/mol. The rearrangement pushes the
water molecules (in average) to smaller R values, and not only the hydrogen atoms
of sugar but also those of the A and G bases become interested, even if marginally.

Let us now fill the DNA sample with 142 water molecules; the grooves remain
essentially empty (1.43 water molecules out of 142 are found in the grooves) but the
finding of some, even if very little water in it, indicates that the “bound” water
number has attained its saturation value. This statement is not equivalent to saying
that the structure or the maximum number of the bound water molecules for 142
water and for 447 water molecules solvating the DNA fragment are the same.
Indeed by filling up the grooves, additional water penetrates the “bound” region,
and because of the interaction between water in the “grooves” and water “bound”,
a rearrangement can be induced in the “bound water™ structure. In other words,
we are gathering preliminary evidences that the adsorption process is not “mono-
tonic™; at low relative humidity the water molecules go mainly to the DNA sites,
at higher, mainly to the grooves, at even higher to the sites and the grooves and,
finally, to the “extended” grooves. Incidentally, it should be by now evident why the
interpretation of experiments at different humidity (desorption-adsorption studies)
are very hard (even neglecting the experimental difficulty in obtaining reproducible
raw data), especially when experiments are performed on DNA fibers, where addi-
tional variables must be considered. For the case of 142 water, about 2.97, 2.18,
and 1.87 water molecules are bound to Na*, O1P and O2P, respectively; the total
populations of bound water for PO’ and PO'"-Na* are 4.48 and 6.40 water molecules,
respectively. The total populations for the first hydration shells for PO’ and PO"-Na*
are 3.71 and 6.52, respectively. The previously noted drop in the binding energy
for the “bound” water molecules around PO'-Na* continues and the energy is
now —134.48 Kj/mol. The bases are interested at the solvation and the solvation
order are A<G<C=<T by considering the number of “bound water™ molecules,
A<C<G=T by considering the number of waters in the first solvation shell and
A <C<T=<G by considering the binding energy for the water molecules in the first
solvation shell, The distribution of the total water’s population at different R values
shows a well defined structure; by comparing the shift of the most intense peak one
can gain a feeling of the intense water structure re-arrangement which follows the
repeated addition of water molecules. The AT pair is more solvated than the GC
pair for the cases of 44 and 142 water molecules, in agreement with experimental
findings at low humidity. In addition we note that at low humidity O2P is more
solvated than O1P, a situation that will be reversed by increasing the relative
humidity. Finally, in the presence of Na* counter-ions, the O1P and the Q2P water
distributions are nearly additive, contrary to what is found for B-DNA without
counter-ions.

Let us now solvate the DNA fragment with 257 water molecules {see Fig. 13). This
case deserves to be analyzed more deeply, since it provides an interesting step in
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the adsorption process. With 257 water molecules the first hydration shell is nearly
saturated and in addition there are about 71 water molecules in the grooves. From
Fig. 13 we learn that the bound water molecules exhibit the same ten peaks as
found in the 447 water molecules case; however the peaks L and J (see Fig. 7) are
more developed by adding water to the 257 molecules now present, because the
Na* and the Q1P sites are not fully solvated. With 257 water molecules the hydration
at the base-pairs is nearly as much evolved as with 447 water molecules (peak C is,
however, higher that in the case of 447 water molecules). The water molecules in
the “classical” grooves are well developed at smaller R values but far from satura-
ted at larger R values, as expected. Therefore, the term “groove” water could be
substituted by the term “second solvation shell"for the case of 257 waters. Relative
hydrations at the bases are not discussed, since these are given in full detail in
reference 32,

In a study in progress, we are analyzing the differences in rotational freedom
associated to the water molecules either bound or into the grooves at different
relative humidities, This is an aspect of interest to interpret angular distribution data
from scattered neutrons. We note that the findings concerning the water fitaments
are in agreement with the scattering data by Dahlborg and Rupprecht?,

By considering the above partial humidity simulations, the following model for an
adsorption process emerges. First the water molecules go to the phosphate groups.
If the humidity is very low (one water molecule per phosphate—22 water case—)
then a given water has several nearly equivalent positions to select at each phos-
phate and the same position will not be selected. By an increase in the humidity,
such that two water molecules are available for each phosphate group (—44 waters
case—), the best solvation positions are not those left unoccupied by the first water
molecule, but new ones. This is to be expected:the Na*-PO' system is different
from the H;0-Na*-PO' system and the latter has only a vague memory of the
former. By increasing the humidity such that about 6 water molecules are avail-
able for each phosphate group (142 waters case), on the average all waters solvate
the Na*-PO’ groups, but some molecules solvate even the base-pairs or are present
in the groove’s region, The presence of water in the groove indicates that a satura-
tion level has been reached. Alternatively, we can state that the initial saturation of
the grooves is nearly concomitant to the solvation at the base-pairs. By increasing
the humidity, such that about 11 water molecules are available for each phosphate
group (—257 waters case —) more water molecules go to the groove's region and
the solvation of the sugar’s oxygen and of the base-pairs is nearly completed.
Finally, by making available about 20 water molecules per phosphate group (—447
water case—) additional water is packed into the groove's region and around the
solvated sites, but most of it goes to the outside of Na'-B-DNA, to the “extended
grooves” region, still strongly perturbed by the Na*-B-DNA field, so much so that
the bulk water interaction is far from being reached. By adding two additional
water layers (that is, by adding 1600 water molecules} one would have nearly
reached the bulk water region, at an R value of about 20 A.

12%
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Conformational Transitions: A Model and a Preliminary Example

In considering the adsorption process, we should keep in mind some overall ener-
getic aspects, reported in Fig. 14. Repeatedly, we have pointed out that the interac-
tion of water with DNA increases by adding counter-ions to the solute therefore
stabilizing Na*-B-DNA relative to B-DNA. This increase is drastic as shown in Fig,
14, where the total (namely the sum of water-DNA and water-water) average inter-
action energy per water molecule is reported as a function of the number of water
melecules, Nw, solvating the DNA fragment. In the top insert of Fig. 22 the full line
refers to the rotal interaction, the dashed line to the water-DNA interaction: the
water-water interaction is reported in the bottom insert of the figure. By a substan-
tial increase of solvent all curves will eventually end at about —36 Kj/mol, the
bulk-water value. The rotal interaction could induce to think that the adsorption
process is monotonic; the partial interactions offer indications for an opposite
conclusion. Physically, the following model clearly emerges in B-DNA: the loss of
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bulk water energy (water-water interaction) is more than compensated by the
strong PO" attraction; in addition, the water-water interaction ar low humidity
would amount to only a fraction of the bulk-water value. But, when the PO’ groups
are screened by few solvent molecules, and when the humidity increases, then the
System attempts to regain the bulk-water interaction energy since the water-water
interaction becomes more and more important. fn Na*-B-DNA (and in any B-DNA
counter-ions system) the initial adsorption situation is more complex. At low humid-
ity, a water molecule does not experience only the PO’ field, but also the counter-
ion field. The latter exerts a request on a water molecule thar would demand a very
different orientation from the one demanded by the PO’ field. Thus the water
molecule compromises its orientation between the two conflicting requests, and by
so doing an orientation is achieved, which is not as repulsive to another water
molecule as the one accepted for the case of B-DNA (without counter-ions and at
low humidity).

As a consequence of these effects, the water-water interaction energy presents two
plateaus, where a small humidity increase brings about a strong water-water inter-
action variation. The two plateaus border at two steep sides, where a large humidity
increase brings about only a small water-water interaction variation.

The relative humidity interval, corresponding to a variation from about 6 to about
10 water molecules per nucleotide unit, appears as a critical humidity interval. The
“classical grooves™ start to be filled in this interval; by a further increase in the
humidity, the final saturation at the DNA solvated sites is reached and the “extend-
ed” grooves are filled. When the adsorption process is completed {very high humid-
ity), it is hard to visualize a conformational transition in DNA (for example, from
the conformation A to B), without the introduction of a third body. Equaily difficult
is to visualize a conformational transition at very low humidity, since the few water
molecules present are fully occupied at solvating the PO’ counter-ion groups. On
the other hand, in the above discussed plateau, where the incipient filling up of the
classical grooves perturbs the sugar units (this is tantamount to a directional pres-
sure) one can easily hypothesize conformational transitions. Thus combining the
evidences on the ion-induced compression effect and the finding on the variations
of the interaction energies with relative humidity, we can obtain a preliminary
model to explain conformational transition, under specific conditions. The use of
the model however, requires simulations of the type here presented for different
conformations and with different counter-ions. The mathematical conditions for a
conformational transition are now indicated by the following three models.

First, we consider only one type of counter-ions (for exaripie, Na*), Let E(A) and
E(B) be the energy of DNA in conformations A and B, respectively, for DNA
fragments of equal number of units. From a simulation with a equal number of
water molecules and at a given temperature, one can obtain the water-DNA inter-
action ES(A, h(i)) and ES(B, h(j)}, where the indices A and B refer to the two
conformations, h{i} and h(j) to the two relative humidities (clearly different in the
two conformations, since we have assumed the same number of water molecules),
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A transition can occur for AE=EA’, where AR =E(A)-E(B) and AE=ES(A, h{i}}
— ES(B, h(j}), assuming nearly equal entropic variations. With this work we provide
one of the four needed quantities.

Second, we consider the same situation as above with, however, two different types
of ions I(1) and 1(2) {for example, Na* and Li*) yielding either I(1)-DNA or
1(2)-DNA. Let E(A, I{1}}, E(A, I{2}), E(B, I{1)) and E(B, I(2)) be the energies of the
fragment with either one of the two types of counter-ions and in the two conforma-
tions. Correspondingly let ES(A, 1(1)), ..., ES(B, I{2)) be the corresponding simuy-
lated solvation energies as in the previous model. The introduction of more than
one type of counter-ions increases the probability of finding an equality between
A4E and AE' since one more variable, the type of ion, has been added.

Third, let us assume the same situation as above, with, however, the additional
possibility that a fractional rather than total replacement of I(i) with I{j) is consid-
ered. This last assumption considerably increases the probability of finding an
equality between AE and AE’. The model can be made more complete by including
a temperature index, namely by considering more than one lemperature.

As an example, let us consider the ES values, stressing however, that simulations
on Li*-B-DNA, Li*-A-DNA, Na*-A-DNA are not available. The different solva-
tion energy values can be tentatively guessed by keeping in mind ionic solvation
studies™*, i.e. the differences in the solvation energies between the A and B single
helix conformation and preliminary simulation data on Li*-B-DNA. We have made
no use of the study by Marynick and Shaeffer” since their use of a sub-minimal
basis set and the neglect of basis set super position corrections deprive their other-
wise very interesting computation of quantitative validity. Their very strong attrac-
tion for a phosphate group in (CH;-0), PO’ with Li* and Na* {computed as —303
Kcal/mol and —198 Kcal/mol, respectively) and the very short oxygen-cation dis-
tances (computed as 177 A and 1.98 A, respectively) are too far from the more
reasonable data obtained, however, on (CH;-CH,-0),PO3 and yielding —152 Kcal/
mol, —134 Kcal/mol, 1.93 A and 2.17 A, respectively.® Equivalent data, obtained
from relatively old electrophoretic mobility studies, indicates that the binding to
DNA forions is Li* =Nat=>K* %

At low humidity (1 water per nucleotide unit) Na*-A-DNA is estimated to be more
attractive to a water molecule by about 8 Kj/mol (relative to A-DNA). Simulations
on A and B single helix** indicate a value between 5 Kj/mol (average value) and 17
Kj/mol (maximum difference), thus our selected value might be somewhat smaller
than the correct one. At high humidity we know that the PO groups in A-DNA are
sufficiently crowded, having one less water molecule strongly bound to a PO
group relative to B-DNA. Thus on a sample of 447 water molecules, about 22 water
molecules in A-DNA are less bound to the PO, than in BDNA by an assumed
interaction of about 10 Kj/mol per water molecule. As a result the total inter-
action energy curve for Na*-A-DNA crosses the total interaction energy curve of
Na*-B-DNA at a relative humidity corresponding to about 160-190 water molecules
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{see Fig. 14). For Li"-B-DNA, we have obtained preliminary data for 22 and 447
wal:  molecules (at a temperature of 300K). At a relative humidity corresponding
to 2 water molecules Li*-B-DNA is more attractive to water than Na*-B-DNA, but
th. situation is reversed at high humidity (447 water molecules) bringing about a
crossing of the Li*-B-DNA and Na*-B-DNA total interaction energy curves at
about 190-210 water molecules. Finally for Lit-A-DNA we assume that the total
interaction energy to water differs from the Na*-A-DNA total interaction energy in
the same way as found by comparing Li*-B-DNA with Na*-B-DNA.. Until definitive
simulations on Li*-A-DNA, Li*-B-DNA and Na*-A-DNA will be available, the above
estimates are likely all the data one can use. The stabilizations due to solvent effect
for the A»B conformational transition are reported on Fig. 14 (bottom insert),
(the ordinate gives the number of water molecules for either an A or a B double
helix sample with twenty-two phosphate units). We consider four cases (all at
300K). In case [, we consider the stabilization of a DNA conformation with Na*
counter-ions. whereas in case 2, we consider the stabilization of a DNA conforma-
tion with Li* counter-ions. In case 1, at low humidity the form A is stabilized by
water and the stabilization reaches a maximum for about 3 water molecules per
nucleotide unit, then goes to zero at about 7 water per nucleotide unit, and then the
B form becomes stabilized. In case 2 (Li* counter-ions) the same behavior is
predicted, but the crossing from A 1o B occurs at slightly lower humidity. In cases
3 and 4, we increase not only the humidity, but we also assume that the Na*
counter-ions of the A form are substituted with Li* counter-ions in the B form (case
3) or vice versa (case 4). From our preliminary data we expect that only the form B
is stabilized by the solvent, whereas in case 4, the Na*-A-DNA has a net solvation
stabilization up to about 7 water molecules per nucleotide unit; at higher humidity
the solvent effect helps the formation of B-DNA.

We stress that we have only referred to AES not to AE'; in addition no entropic
effect has been considered. or equivalently, we have assumed that the entropic
contribution to the free energy is ion-independent and conformation independent
at a given relative humidity and temperature. The theoretical behavior of Fig. 23,
even keeping in mind its tentative nature, explains a large number of experimental
findings relative to A-B transition. Clearly, the same type of reasoning can be used
when considering the solvent effect of any other conformational transition. By
adding to an ionic solution (containing A- or B- DNA) solvents like alcohol-water
the number of water molecules available to DNA decreases because the hydro-
phobic part of the alcohal removes water from DNAY-©, Thaus, if one can estimate
the latter effect, then Fig. 23 provides an explanation, also for transitions, where
not only the humidity and the counter-ions are varied, but also additional solvents,
like alcohols, are added. Concerning the energy AE' for conformational transitions
from A to B a value of about 84 Kj/mol has been proposed by Ivanov et al.  later
confirmed by and Sukhorukov et al.®2.

Comment on the Second Approximation

The most crucial limitation in this approximation is in the assumption of a rigid

Vi

2

Solvation of DNA / A Computer Experiment

Na*-B-DNA fragment, and in the position assumed for the Na* tons. From theoret-
ical considerations the Na* lowest energy minimum (minimum a) in model com-
pounds containing the phosphate group is in agreement with our choice. However,
there is a second minimum away from the PO; plane (minimum b) which will
become deeper, if more than a single phosphate group is present; finally there is a
third minimum along the PO bond direction {minimum c). The three minima are
relatively near in energy. Let us consider the available, but indirect experimental
data. A double helix chain can be constructed from the X-ray structure of sodium
adenylyl (3'-5') uridine (ApU), where one Na* is coordinated to the PO group and
one to the two uracil carbonyl groups.® Thus minimum “b" is known to be a
possible candidate in polynucleic acids. A double helix chain can be constructed
from the X-ray structure of sodium guanylyl (3'-5') cytidine (GpC), where the
Na* is coordinated to the 2 free oxygen atoms of a phosphate group.* Thus
the minimum “a” is a possible candidate. Finally, X-rays studies on crystals* of
deoxyribose-dinucleotide sodium thymidyly! (3'-5% thymidylate (pTpT) can be vsed
to model a double helix with the Na* coordinated to one free oxygen of one PO,
group and two oxygen atoms on two different thymine bases. This position for Na*
can be considered as one ralated to the minumum “¢”. It is noted that none of
the above structures refers directly to a crystal of a true polynucleic acid, nor to
a 50% G-C, 50% A-T double helix structure, as in our fragment’. The nearest
case is the one of GpC, where the Na™ is located ¢lose to our chosen position.
Most recently {when this work was completed) a large DNA fragment has been
analyzed as a single crystal”. but the counter-ions, Mg**, were not detected.
Several water molecules however, have been identified and assigned to the DNA
fragment atoms.* The overall data on the water location nicely follows some of our
early and above reported predictions, keeping in mind, however, the deep pertur-
bation of one DNA fragment on the nearby fragments, the presence of impurities,
and the undetermined position of the Mg™* ions and of the corresponding solvation
water molecules”). Another very interesting work involving single crystals and
NH,* counter-ions and water molecules with a DNA fragments has recently been
published.*

In view of the above mentioned problems concerning the determination of the
counter-ion position we extended our computer experiment as reported below.

Third Approximation: “Free” Ions Simulation

The selected B-DNA double helix fragment is composed of X} base-pairs (three full
B-DNA turns). Periodically, at each turn the following sequence of ten base-pairs is
selected: TA*, GC*, AT*, CG*, TA* GC*, CG*, AT*, TA*, CG*, where the asterisk
denotes the h* strand. The coordinates of this B-DNA fragment have been previ-
ously discussed.™ The three B-DNA turns, see Figure 13, are hereafter referred to
as top. nuddle and bottom turn, respectively.

Four-hundred water molecules and twenty Na* counter-ions are placed within the
middle section of the cylindrical volume, shown in Figure 15. For each water
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molecule we compute the interaction energy with the full three turns of the B-DNA
fragment, with the water molecules and with the Na* ions. In addition, since our
B-DNA fragment has a periodically repeated sequence for each turn, each water
molecule (or each jon) is associated to two “image” water molecules (or two “image”
ions) obtained by a coordinates translation (along the Z axis) of the water molecule
{or ion) in the central section. In Figure 15, we have shown a water molecule in the
central section of the cylindrical volume and its two “images”, symmetrically located
in the top and bottom sections. Equivalently, for each counter-ion in the central
section, we compute the interaction with the atoms in the three DNA turns, with all
the water molecules and the corresponding water images and with the other ions
and ion-images. Thus we simulate a system composed by the atoms in the three
B-DNA turns, by 1200 water molecules and 60 counter-ions. The solvent particles
(water molecules and sodium counter-ions) in the central section are randomly
displaced; the displacement applied to a solvent particle is also imposed on the
“image” particles. Each random displacement (or “move”) generales a new “con-
figuration™ for the solvent (or a new “step” in the “random walk™). An initial set of
about 2x1(* conformations was disregarded, however, in order to erase any memory
of the initial configuration for the solvent. Thereafter, the cartesian coordinates of
the solvent particles (for each configuration) and the corresponding interaction
energies {water with water, ions and the DNA and ion with ions and DNA) are
stored on magnetic tapes, to be used later in a statistical analysis of the Monte
Carlo data.

Determination of the Counter-ion Structure

In a recent and preliminary communication® we have reported that the sodium
counter-ions in a solution with B-DNA form a pattern corresponding to two helices
interwinding with the two B-DNA strands. The overall methodological approach is
described at length in Ref. 29 and summarized in Ref. 50.

The most direct way to analyze the counter-ion positions is to provide the projec-
tions in the XY and X-Z planes (see Figure 15 for the axis choice) of the statistical
distributions of the counter-ions obtained from the Monte Carlo data. The fol-
lowing techniques has been adopted: the entire cylindrical volume {see Figure 15)
has been subdivided into small cubical cells {of 0.2 A side}. A counter at each cell is
activated, measuring how many times a counter-ion falls within a cell during the
Monte Carlo walk. The statistical distribution is graphically visualized by reporting
for each cell a number of points proportional to the number of times an ion is
present in the cell. The projections of the probability distributions of the counter-
ions at one B-DNA turn are reported in Figure 16. At the bottom-left insert we
provide the X-Y projection of the ion distribution map (spots-like patterns), with
an index (1 to 10) for the ten “spots” external to the phosphates and an index (11 to
20) for the ten “spots” internal to the phosphates, A counter-ion corresponds to
each “spot”; the size of the “spot” provides a measure of the counter-ion mobility,
The mobility of the counter-ions, determined from the probabhilty distributions, is
large in the x-y directions, and relatively small in the z direction: alternatively
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stated, a displacement of the counter-ions in the xy plane costs less than an equiv-
alent displacement in the z direction (in energy terms). The phosphates of one
strand are indicated by drawing the bonds between the oxygen atoms and the
corresponding phosphorous atom and by explicitly indicating the corresponding
bases, A, G, C and T. The atoms of the phosphates in the second strand are
indicated simply with dots at the nuclear positions and for the corresponding bases
we report only a dot for the nitrogen atom position (the one connecting the base
with the sugar). The projections of the twenty counter-ion probabilities form two
nearly regular circular patterns. In the bottom-right insert of Figure 16 we present
the same probability density distributions, this time projected into the X-Z plane. In
this insert the phosphate groups of the two strands are enclosed into helical enve-
lopes and the base-pairs are identified by reporting the base-pair molecular plane.
In the top-right insert we repeat the X-Z projection, this time connecting into an
envelope those counter-ion probability distributions which are nearest neighbors;
to simplify the diagram we have not enveloped the phosphate groups into two
helices as done in the bottom right insert. The pattern emerging from these three
inserts is repeated in the top-left insert, where we draw the two helical envelopes
for the phosphates of the two strands, and the two helical en velopes for the sodium
counter-ions, one penetrating into the major groove and the other outside to the
minor groove. The counter-ions helices are designated by the letters H and H*.
From the density projections it is evident that the H helix is external to the cylin-
drical volume determined by the phosphate groups, whereas the H* helix is internal
to it. The cross section of the imaginary “cable” enveloping the ions of H* is larger
than the corresponding crossection of the “cable” enveloping the ions of H. The
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physical reason is rather obvious:the counter-ions in H* arc strongly affected by the
base-pairs. Therefore the exact position for an ion in H* is base-puair sequence
dependent, the “irregularities” of the distributions 11 to 20 in the bottom-left insert
of Figure 25, are the effect of the base-pair sequence dependence.

The new structure. H and H*, obtained in our computer-experiment is phvsically
very pleasant since it optimizes at once several basic energetic requirements: 1) it
keeps the counter-ions as far as possible away one from the other but at the same
time: 2) it satisfies the very strong attraction between the Na* ions and the free
oxygen atoms of the phosphates as well as 3) the strong atrraction between the Na*
ions and the bound oxygen atoms in the phosphate groups and the artraction 1o the
base-pairs, 4) it allows both the phosphate groups and the counter-ions to be solvated
by the water molecules, thus making use of the solvation encrgy to stabilize the
entire system.

Biologically this structure is very interesting since:1) it provides for a base-pair
recognition mechanism at long range distances due io the huse-paiy sequence
dependent H* structure, 2) it can easily allow for the exchange of vne or more
sodium counter-fons with different counter-ions (from Na* to K™ or Mg*~ or Ca*™
etc. efe. } 3} it can account for rapid structural and conformational recrganization

processes, typical of tonic solution with macromolecules as solute and 41 because of

the ionic mobility and very strong interactions, it can act either as an important
sink (or source) of energy.

Determination of the Water-Structure Solvating DNA

The statistically most probable distribution of the water molecules (at 300 K tem-
perature) either bound or in the first solvation shell for an atom ior groups of
atoms} in B-DNA is analyzed in Fzgures 17 to 21, In these figures the probability
distribution for the hydrogen atoms is given as a dotted line and the one for the
oxygen atoms is given as a full line. On one axis {ordinates) we report the number of
hydrogen or oxygen atoms as a function of R (given in the abscissa, in A units); we
recall that R is the distance of the hydrogen {or oxygen) atoms from the Z axis (see
Figure 13). The notations B and FS differentiate between pound and first solvation
shell water molecules; the notations h and h* differentiate the two strands.

In Figure 17, we report the analysis for water molecules bound to the free oxygen
atoms (O1P and O2P), and to the bound oxygen atoms (05 and O3') in the two
strands (h and h*). These analyses of water molecules bound at atomic sites are
complemented with the bound water distributions and the firse sofvarion shell
distributions at the PO7-CH; group.

We learn that ar the OIP sites the water oxygen atoms in the h strand have a
maximum at about 11 A, whereas the maximum is at 12 A in the h* strand: the
water hydrogen atom distributions (dotted lines) in h differ from those in h*,
therefore indicating different orientational arrangements at the two strands. The
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Figare 17. Top and Central inserts. Distribution of the hydrogen and oxygen atoms of water molecules
bound to the oxygen atoms in the POT groups: bartom inserts: equivalent distribution for the PO -CH,
group either considering bound (first two insert from the right) or first solvation shell water molecules
last two inserts from the right).

same holds for the water molecules at O2P. There is little, if any, water at the 05’ as
previously noted and not much water at O3'. This information is iterated by pro-
viding the distribution for the water molecules bound at the PO;-CH, site; as
discussed above the first solvation shell can extend much further than the bound
water distribution, as clearly seen in the figure. The integral of the distribution
values of the hydrogen and oxygen atoms as function of R provides the number of
water molecules bound to the atoms or groups of atoms, reported in this figure.
These are given in Table V, both for bound and first hvdration shell water mole-
cules. In the following, we shall (in general) not comment on the features which can
be obtained by inspection of the self-explanatory figures. We feel that infrared,
Raman, nmr, neutron, X-ray experiments on DNA in solution will now be more
easily interpreted, such data being available.

In Figure 18, we report the analysis for the water molecules bound to the lone pair
nitrogen (N3 and N7) and oxygen (02, O4 and 06) atoms of the bases. The analysis
of the water molecules bound to atoms belonging to the bases is extended in
Figure 19 when we report the distributions for the water molecules bound to
specific NH; groups and the average distributions for water molecules bound to
NH, or oxygen or nitrogen atoms at the bases cbtained by considering all the bases
at the two strands.

In Figure 20, we compare the distributions of water molecules bound at the O1' (of
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Figure 18. Distribution of hydrogen and oxygen atoms for water molecules bound at the nitrogen (N3
and N7) ot oxygen (02, O4 and 06) of bases forming either the h or the h* strand in B-DNA.

sugar) or the first solvation shell of the entire sugar unit. In this figure we also
report the distribution of the water bound to the bases (in each strand).

In Figure 21, we complete the analysis of the bases, by reporting the average
distribution of the water molecules bound to the A-T and G-C base-pairs, and the
average distribution for the base-pairs either in the h or h* strands, and the first
hydration shell distribution at the bases (average values for both strands).

These very detailed but coincided graphical presentations of the solvation in
B-DNA, are complemented by the data of Table V.

The analysis above reported for 400 water molecules {per B-DNA turn) has been
extended fo intermediate and low relative humidity; we have now concluded our
computer experiment by considering 380, 240, 220, 180, 140, 40, and 20 water
molecules per B-DNA turn. The H and H* structures for the counter-ions have
been found at each relative humidity; therefore it is very reasonable to assume
that such structures are present in solution.

Determination of the Water Structure Solvating the Counter-ions

In Figure 22, we report the distribution of the water molecules bound to the ten
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Figure 19. Top and central insert: distribution of hydrogen of oxygen atoms for water molecules bound
at the NH; groups of the bases. The four bottom inserts report equivalent quantities but for an average
oxygen (either 02, 04 or 06) and an average nitrogen {either N3 or N7) in the bases at the two
anti-parallel strands, h and h*.

counter-ions in the H helix (ions 1 to 10} and to the ten counter-ions in the H* helix
(ions 11 to 20). In this figure the counter-ion is placed at the grigin of the axis. The
orientation of the water molecule (oxygen nearer, hydrogen farther away) is very
typical of a sodium ion in solution***. Each counter-ion is solvated; this finding is
expected to be valid also for K* counter-ions, and most likely for the Li* counter-
ions.

In Figure 23, we report the distribution for the water molecules in the two strands
either bound or in the first hydration shell. From these data we see clearly that the
two strands have a different hydration pattern, as also reported in Table V. This
very important finding remains hidden when one reports the distributions for the
total system of 400 water molecules solvating the ten base-pair turn in B-DNA or
when one considers the water molecules in either the first solvation shell or those
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Figure 20. Zop inserts: water characterization at the sugar units in the two strands:bound water at 01"
atom, and first solvation shell water in the sugar units, Middle and Bottom insert: distribution for water
molecules bound to the bases.

bound to B-DNA. In Figure 24, we present the distribution of water molecules bound
to B-DNA and to the ions, those in the first hydration shell and those in the grooves.

In the relative humidity range from 400 to 240 water molecules (per B-DNA turn)
we find all the time about four water molecules per Na* counter-ion. By decreasing
the relative humidity, namely for the cases of 220, 180, 40 and 20 water molecules
(per B-DNA 1urn) the average kydration number for the 20 counter-ions decreases
te 3.8, 3.5, 1.5 and 0.8, respectively. Therefore, at low humidity a water molecule
solvates either the counter-ions, or B-DNA. This result should warn against extrapo-
lations (relating to B-DNA in solution) of quantum mechanical computations ob-
tained by considering few water molecules and one counter-ion.

In Figure 25, we report the average energy for a water molecule in the volume R
and R+dR; the energy is decomposed as water-water, water-DNA, water-ions.
Notice how this energy is nearly constant from small to large values of R.

Base-Pair Recognition

The important conclusion from our computational experiment is that the counter-
ions and the solvation water molecules form two different patterns at the two DNA
strands. We designate the global system composed by the h strand, the counter-ions
in the H helix and the water molecules bound (o h and H as the § “super-strand’.
The equivalent global system for h* and H* and the solvating water molecules is
designated as 5*. As known, the two strands h and h* differ only because they are
anti-parallel. This difference, however, is enhanced by the counter-ions distribution
and by the water molecules. Any biological process dealing with DNA in water
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Figure 21, Top inserts: Distribution for water molecules at the base-pairs. Middle inserts: average
distribution for water molecules bound in the two strands; bottom: average distribution for both strands
of water molecules bound (left) and in the first solvation shell (right) of the bases.

solution deals with the § and $* super-strands and not only with the h and h*
strands. In addition, to a given DNA conformation, there is a corresponding wide
spectrum of S and §* conformations. Indeed, the structure of H and H* is dependent
upon the counter-ion charge, the ionic radius and the counter<on concentration for
a given temperature.

Let us consider a few immediate implications of the above findings. In the following
we present a “base-pair sequence” recognition mechanism. Let us consider a mole-
cule, for example a glycine zwitterion, approaching DNA in water solution, but still
relatively far away from DNA, such that the direct interaction glycine-base-pairs
can be assumed as small. For example, we assume that the C? of glycine is at 17 A
on the x axis (with y=0; see Figure 15) and optimally oriented relative to our
B-DNA fragment, the 1200 water molecules and the 60 sodium counter-ions. Fur-



Clementi & Corongiu

Table v
Number of water molecules and its interaction energy (in Keal/mol)
with atoms or groups of atoms of B-DNA and the Na* ions.

Atoms or Groups Number of Water Bound Average Energy
h h* h h*
OIP 324 3.36 —37.97 -3.57
ozp 292 3.05 —38.33 —41.11
05’ 0.18 0.23 -37.76 —43.52
o3 0.89 12 -37.51 —34.24
or 1.19 1.13 ~39.00 -J37.81
Nlin A 0.49 0.26 -39.07 -34.97
N7in A 0.46 0.94 =39 —37.73
N3in G 0.72 0.29 —36.70 —39.74
N7in G 0.60 1.20 -33.03 —41.94
O2inC 0.67 0.97 -39.91 -37.33
06inG 1.08 1.34 —-3591 —40.53
02inT 1.00 1.00 ~41.08 —38.94
04inT 1.62 1.26 —36.97 —29.29
Na* 4.00 4.40 —=39.72
PO -CH, 6.43 7.18 —38.04 3.8
NHin A 1.49 1.77 —39.79 ~37.65
NH;in C 2.76 2.31 —-38.24 —39.18
NH;in G 1.94 1.46 —36.23 —39.93
NH;in A,G,C 213 1L.70 —-Yi81 —39.04
Nin A, G 0.57 0.67 —36.40 —-38.85
OinC,G, T 1.00 1.06 —38.61 —J8.J35
A 2.42 255 —40.03 —37.46
C 343 329 —38.58 —38.43
G 3.84 4.15 -33.77 40,68
T 2.62 2.26 —38.51 ~37.68
Grooves 131.82 ~30.41

ther, we assume that glycine is translated along the z axis by steps of 0.25 A,
re-optimizing its orientation at each value of Z.

The interaction of the counter-ions with glycine is rather large (long rangz inter-
action of ionic nature), and the interaction of the H* counter-ions with the base-
pair has been previously shown to be large and base-pair sequence dependent.
Therefore, glycine will recognize the base-pair sequence, via the counter-ions.
The proposed recognition mechanism is a relay-type mechanism: base-pairs (o
counter-ions, counter-ions to glycine. A disordered pattern in the ions, rather than
the ordered onc we have determined, will lead to no base-pair recognition. Only a
special ordered pattern lead to recognition. Further, the recognition in our model
is dependent upon jon concentration, ionic radius and temperature. This latter
comment is of importance in study of the evolution of genetic proto-materials.
Among feasible application of this proposed mechanism we mention: 1) recogni-
tion of a sequence perturbed by cancer or an anti-cancer intercalating molecule
and 2) recognition of amino acids by RNA in protein syntheses.
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Figure 22. Hydrogen and oxygen atoms distributions for water molecules bound ta the counter-ions in
the H helix™ and in the H* helix' 2,

In Figure 26 (left insert), we report the interaction energies of GLY (in Kcal/mol}
with the atoms of the B-DNA fragment, with the water molecules solvating B-DNA
with the counter-ions and the total interaction energy. The interaction of GLY with
water is nearly constant and repulsive (screening effect). The interaction of GLY
with B-DNA shows a low frequency periodicity associated with the B-DNA turn and
a high frequency periodicity associated with the nucleotide units, The interaction
with the counter-ions shows the low frequency periodicity but with opposite phase
as the one for the GLY-B-DNA interaction. The GLY counter-ion interaction is
attractive and over compensate (being larger) the repulsive interactions with water
and B-DNA. The high frequency spikes in the GLY-B-DNA and in GLY counter-ions
are separated by about the same distance as the base-pair to base-pair distance.
Clearly the pattern will differ in A-DNA, and it will focally differ if a molecule
intercalates DNA. Notice that the “recognition spikes” in the total interaction
energy are about 10 Kcal/mol, namely a value sufficiently large for being very
important in biological mechanisms, but also sufficiently low as to be affected by
thermal effects. Notice how one pair has a pattern different from another pair. To
our knowledge this figure represents the first quantitative energetic representation
of the reading of DNA by a molecule (GLY in our experiment),

DNA Unwinding

Another implication of our findings concerns the unwinding mechanism in the
double helix. As known, a double helix structure has a critical temperature and a
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Figure 23. Top and central inserts: average hydrogen and oxygen atoms distributions for water molecules
in the h and h* B-DNA strands either bound or in the first hydration shells. Bottom inserts: water
molecules bound to B-DNA and to the counter-ions (left) or only to the counter-ions {right).

critical ionic concentration, just beyond of which the two helices extremely rapidly
snap apart cooperatively. By a 20 K increase in the temperature (in our simulated
system) we obtain a different counter-ions pattern with the counter-ions in the H*
helix closer to the base-pairs than at 300 K. We recall that the interaction of an Na*
ion with the base-pairs, is not only strong when Na* is at the perimeter of the
base-pair (in the plane containing the base-pair skeleton) but also when Na* is above
the base-pair. In this position the attraction “base-pair to Na*” is opposed by the
hydrogen atoms forming the base-pairs hydrogen bonds. An increase in the system
thermal motion (due to temperature} can bring about a separation between two
successive base-pair and/or hydrogen bonds breakage within a base-pair. In either
case, a sodium ion can approach the bases even further, and oppose the restoration
of the original DNA configuration.

The disruption of the double helix structure following progressive removal of
counter-ions at constant temperature is easily understood in terms of the large
stabilization brought about by the ions to the system “water and DNA™2, We note
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that the total energy of the system reported in this work is more stable by about
20 Kj/mol, than the system analyzed in Reference 32,

From our energy data we estimate that the DNA and the counter-ions Field extends
up to about R=25 A. Therefore, we expect that X-ray crystal studies from single
crystals should show evidences of the DNA to DNA perturbation. As a conse-

quence the counter-ion structure in a single crystal is expected to differ from the
counter-ion structure of DNA in solution.

o Water-Water Water-DNA

Figure 25, Average interaction energy (Kj/mol) for Water-lons
water with the remaining water molecules (water-

water), with the B-DNA fragment (water-DNA), Total

with the ions (water-ions) and the total interaction RA)
as function of R. I R R RN TR TN TR
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Figure 26. Recognition by GLY of DNA:Interaction energies {in Kcal/mol) of GLY with B-DNA with
the water molecules solvating DNA, with the counter-ions and total interaction; interaction energy of
GLY with base-pairs is shown on the right-hand side panel.

Conclusions

Study is in progress for the determination of the counter-ion structure for Li*, K*,
Mg** and Ca**. In addition, the approximation of the rigid solute is under scruti-
ny>% In a recent work® on the agar-agar double helix, the rigid structure in the
solute has been partially relaxed; the experience gained in this recent work will be
transferred to future DNA simulation. These computer experiments are now being
extended in order to assess the optimal number of counter-ions for our B-DNA
fragment. From preliminary simulations, at low relative humidity and 3000 K, we
obtain that 19 sodium counter-ions (per B-DNA turn) bring about a net stabilization
in the total interaction energy of about 0.58% relative to the case with 20 sodium-ion
(per B-DNA turn). This net stabilization results mainly from about a 5% decrease in
the ion-ion repulsion and an increase of about 0.10% in the ion-DNA attraction. If
we simulate (at the same low relative humidity and at 300 K, as above) 21 counter-
ions per B-DNA turn, then we obtain a net destabilization of about 0.64% in the
total interaction energy of the system, relative to the case with 20 sodium counter-
ions per B-DNA turn; the destabilization is mainly the effect of an increase of the
ion-ion repulsion (by about 5%) and a decrease (0.07%) in the ion-DNA attraction.
When we consider either 18 or 17 or 10 counter-ions, we obtain no additional
stabilization for the 18 ions case (relative to the 19 ions case) and we notice a
destabilization for the 17 and 10 ions cases.™ This type of study should allow us to
combine our micro-analyses with the thermodynamical models presented by Record
et al.® and by Manning.*

The model proposed for conformational transitions (see the section Conformational
Transitions) can be adapted most easily, from the simulations where the counter-
ions are fixed at a predetermined position, to simulations where the counter-ions

@
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are mobile in the water solvent. The specific solvation energy of different ions in
water, corrected by the specific DNA field effect (H and H* structures) constitutes
an apprectable and ion-specific contribution to ES(A) and ES(B). Computer experi-
ments in progress*® appear to nicely reproduce laboratory ion-induced conforma-
tional transitions¥*57 and observed melting point at different ionic strength.®

In this review, we have omitted a detailed analysis of the approximations adopted,
and we have not stressed the generality of our approach for the “computer experi-
ments”, reported. The interested reader can find such information in references
29 and 50.

One trend is becoming more and more evident:the very approximated nature of the
“quantum-mechanical rationalizations” of laboratory experiments, (rather conspic-
uous in the sixties and still retained, for example, in studies based on approximated
electrostatic potentials} is becoming more and more apparent® and therefore, there
is an increasing reliance on those theoretical formulations, where essential parame-
ters like temperature, statistical distributions, time, solvents and reaction fields are
no longer ignored. Indeed these formulations, proposed about twenty to thirty
years ago and generally, long neglected in quantum-biophysics, are complementary
to laboratory experiments. This trend is emerging not accidentally, but because
more and more attention is given to dynamical aspects in nucleic acid and protein
chemistry.
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Structure of Water and Counterions for Nucleic Acids in Solution

Enrico Clementi*
IBM Corporation, 18/TG
Poughkeepsie, New York 12602

Introduction

We shall review several statistical-mechanical computer experiments, performed to
elucidate concepts needed to discuss water molecules hydrating and/or solvating
biomolecules.-In addition we shall use such concepts and methods to determine the
positions and orientations of water molecules interacting with nucleic acids. Since
DNA's helices are unstable without counterions (in the solvent) we have considered
Li*, Na* and K+ as counterions. We recall that among these mono-charged coun-
terions Na* and K* are biologically very important. As known, the determination
of their position by X-ray diffraction or other techniques is still problematic. Recently,
however, a mono-charged counterion, NH* and the waters of crystallization in a
single-crystal of a small. DNA fragment have been anatyzed' leading to a tabulation
for the positions of a large number of water molecules.

It should be noted that X-ray studies of hydrating structures have also been reported
for other single-crystals containing divalent-ions and several DNA small fragments.?*
We shall not, however, refer extensively to these studies, since the determination of
the water molecule’s position and orientation appesrs to be still in progress and no
final and reliable tabulation of the water molecule positions has been-feasible.
Ofteny in these papers, the water molecule orientations are guessed, in order to
provide With proposals (on the hydrogen bonded organization) in agreement with
available spectroscopical and physico-chemical experiments and more recently
with predictions from computer experiments. Therefore the diffraction data on
DNA’s hydration provide an upper and a lower-bound to hypotheses and predic-
tions, with a very broad range, however, since obtained at low resolution and,
presently, rather unrefined. In general, extrapolations from studies on DNA’s
olygomers to problems related to DNA's polymers are still limited by the absence of
reliable studies: 1) on the head-tail effects as function of the chain length, 2) on the
effects introduced by the presence of spermidine and other “impurities”, 3) on the
quantitative effects due to interactions and cooperative forces between olygomeric
units, and 4) on the low resolution, which brings about well known problems in
particular for the determination of the position and orientation of water molecules
and the counterions. These studies™ on the DNA single-crystals are nevertheless
very important, since they have provided direct experimental evidences on the
structure of old and of some totally new DNA conformers; as known, previously
only diffraction data from fibers were available.
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From the above, one can correctly conclude that notable progress has been made
in the last few years concerning the determination of the position of water mole-
cules at DNA. There are now reasons to hope [or an equivalent progress in the
determination of the orientation of the hydrating structures of water and in the
location of the position for mono-charged counterions, like Na* and K*. Neutron
beams and higher resolution X-ray diffraction data, as well as NMR and computer
experiments, are expected to yield the above improvements.

In this work we shall first recall few concepts which, generally, are presented in
papers dealing with the theory and methodology of solvent-solute interactions; this
is done in order to introduce new methods and concepts, some of which are
presented in this work for the first time. It is noted that these concepts and tech-
nigues can be generalized, leading 1o notably more powerful simulation techniques
than those today available. After presenting this introductory material, we shatl
review recent computer experiments performed at our laboratory on the hydration
of nucleic acids.

A monography® and some of the papers in this volume can be used as an introduc-
tion and/or extension of this work. Our methodological approach is a “generalized
model” consisting of an ordered set of sub-models (or levels), labeled l.i,...N
linked by the postulate that the output from the sub-model “i" is the input to the
sub-modef “i+1". In general, the particles in the sub-model “i" are the components
of the particles in the sub-model “i+1”; as a consequence, the equations of motion
(and the underlaying statistic) evolve from sub-model to sub-model describing sys-
tems of increasing complexity.

For example, the atom-atom potentials and the non-additivity corrections are
obtained (output} from quantum-mechanical ab-initio computations, namely a
sub-model, where information on nuclei and electrons are the only necded input.
These potentials are subsequently used (as input) in a sub-model (specifically,
statistical mechanics and Monte Carlo techniques) where we consider interactions
between “particles” such as atoms, ions, melecules and macromolecules. At this
level, temperature is introduced explicitly, thus also entropy can be introduced
most naturally. Finally, the time parameter can be introduced — explicitly—and in
such cases we are in the molecular dynamics modeling. Often we wish to start with
a reasonable configuration of atoms and molecules and in this case we can use a
Monte Carlo configuration with high probability as starting point for molecular
dynamics simulations.

Parenthetically, we recall that the use of quantum chemical computations to obtain
atom-atom potentials is today a viewpoint rather commonly accepted (for addi-
tional discussions, see Ref. 7 and Ref. 8 in this volume); this was not the case
however, about ten years ago when we started to advocate the use of ab-initio
computations® as an alternative to the—then predominant—use of empirical or
semi-empirical potentials.®* Equivalently our “generalized model” constitues a

Structure of Water & Counterions for DNA

point of view which is slowly becoming more and more accepted as the natural
methodology needed to describe systems as complex as those found in biology.

Among the owspuss from a Monte Carlo simulation we find generalized potentials
and forces describing the interactions between two or more micro-systems.® each
one composed of an ensemble of particles like atoms, ions, and molecules. Particu-
larly interesting, are the “solvuted ion™ —"solvated-ion” potentials and the “solvated
molecule” —"solvated molecule” potentials which can be used as input to represent
the next level of complexity, as later shown in an application reported for the first
time in this work, but proposed sometime ago.® As known, thermodynamics is in
general assumed to be the sub-model which follows statistical mechanics, when we
order the sub-models on a scale of increasing complexity. In our methodology,
however, we can retain the use of statistical mechanies and Monte Carlo tech-
niques for a midy-system composed of an ensamble of both micro-systems and
atoms, ions and molecules. In our method, with the introduction of specific midy-
systems, we retain the option to switch between the very detailed and specific
statistical mechanical description of a micro-system and the very general but
unspecific thermodynamical description of a macro-system. Note that this option
might allow 1o switch from a very short time scale—typical of the molecular dynam-
ics of the micro-system components,—ta a much longer time scale. To our knowl-
edge. such switching belween time scales has not been previously considered in
molecular dynamics {in general} nor in molecular biology (in particular). For rea-
son of space we shall not expand further on our methodology; we recall that the
“generalized model” here summarized is a natural follow-up of some vety qualita-
tive ideas concerning the organization of interactions of particles in increasingly
complex systems, elsewhere outlined.®?

Lowdin's generalized theory” could be taken as the theoretical foundation of our
approach; on the other hand, since our postulates are simply input-output relation-
ships relating sub-models. we need only an operational set of informatic-type postu-
lates as foundation to our “generalized model”. The chapter by Careri™ is here
noted, since it outlines scientific and philosophicat bases leading to the need for
some generalized mode! in order to describe biological systems.

To conclude this section we briefly recall few papers presented in this volume
which are directly related to our work. In the paper by Palma' there is a very
interesting link between our study on DNA and agarose: this points out the general-
ity of some conclusions we have obtained in our specific computer experiments
dealing with nucleic acids. In addition, in view of the above methodological discus-
sion. it should not be necessary to point out the strong relationship existing between
our work and the thermodynamical modeling, for example, by Anderson and
coworkers' or in Manning's condensation theory."

In the following, we shall define a Avdration site and consider its steric, energetic,
static and dynamic attributes. Then we shall extend the discussion to counterions
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sites, and the closely connected subject dealing with iso-energy maps obtained from
quantum-chemical potentials. Completing this, we are ready to discuss our recent
Monte Carlo computer experiments,

Three-dimensional Models: Availability of Hydration Sites

Modeling the molecules of water hydrating DNA double helices has a rather long
history, which starts with the wiring of physical three-dimensional models (either
ball-and-stick or space-filling) attempting to obtain—by trials and errors— reasonable
hydrating structures. We refer for example, to Lewin' and Forslind® as excellent
examples of this methods of research, today superseded and mainly of historical
interest. Few observations should be made concerning these studies in relation to
modern computer simulations. As known, in the above physical models the atoms
are generally represented by spheres and for each type of atom a pre-established
number of connections to other atoms—representing bonds—are allowed. The
“volume” of the atom is also pre-determined; Van der Waals radii, atomic and ionic
radii and standardized bond-length have been used to represent “the volume of the
atom” in the molecules.

Further, in wiring a molecular model, an atom is either linked or placed in physical
contact or separated from another atom. Thus, it follows that in three-dimensional
models, the assumed interaction energy, AE, between an atom A and a second
atom B, is represented by square well potentials of type I—attractive—or II—
repulsive—as given in Figure 1. Type I, corresponds to a chemical bond (the poten-
tia) is modeled as an infinite repulsion in the region “a”. followed by an infinite
attraction in the region “b” and, thereafter, by a non-interacting region; type II
approximates non-bonding interactions, in general, and intermolecular interactions
in particular. From the form of the potential energy implied in the use of these
“physical models”, it follows that the information which can be derived when
applied to hydrations, is essentially limited to predictions on the existence of
hydration “site” and it is of binary type, namely, a “site” is either available or

Figure 1. Differént approximations to describe inter- and intra-molecular interactions.
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non-available. The latter case occurs when an atom of the water molecule would
have to “penetrate” within the volume (the infinitely repulsive region) of an atom of
the solute.

Let us define a Avdration site: it is a region of space with a volume and shape such
as to closely contain a water molecule. A site position and orientation is generally
defined relative to one (or more) nearby atoms of the solute molecule, "Nearby™
means, in general, that the site is part of the first solvation layer of the solute. In an
equivalent way one can define a hydration site with reference to atoms of the
sobvent. In these definitions it is tacitly assumed that a site is positioned and oricnted
in such a way as to be at an energy minimum. Clearly, one can not be sure to reach
the energy minima when “physica! models™ are used.

Interaction Energy: Stability of a Hydration Site

As known the model potential T and I1 are only approximations to the model
potentials TH and IV of Figure I; indeed an interaction potential is, generally,
represented by a smooth, non-discontinuous function of the internuclear separa-
tions, either of attractive or repulsive type. We recall thai more realistic representa-
tions of interaction potentials are given by the modcl potentials V of Figure |,
which, however, can be assumed to be merely a linear combination of interaction
potentials of type 11 and IV. Note that we have over-imposed to the mode! poten-
tials 1l and IV the corresponding square-well potentials in order to show the extent
of the approximation in passing from models I and I to 1 and 1V.

Since in models T1T and 1V one assumes finire interactions, after a hard core region
(designated as ¢}, we are finally in a position to state, for any site, its firsi
characterization, namely, the site stability relative to the solute: let us indicate it
with Ej(S), where i is an index to distinguish one site from any other site (capital § is
used for the solute, whereas small s will be used for the solvent). From the sign of
E;(3) we characterize a site either as attractive or as repulsive relative to the solute.
Recalling that a solvent molecule is generally in contact with other solvent mole-
cules, the next characterization of a site is its stability relative to the solvent,
indicated as x{s;). This type of stability is obrained by summing all the interactions
of the solvent molecule at site i, with all the remaining solvent molecules at the sites
,2,..., ikl i+, . LN,

Let us recall that a water molecule can be approximated by a nearly spherical
volume of about 30 A% (A more accurate description depends on the specific type
of “probe” selected to measure the water’s volume; as shown later, a X-ray particle
“sees™ a volume which is not the same as the volume seen by a neutron or by an ion
or a neutral molecule), In Figure 2. we report a cross section of the water-water
interaction energy. This is accomplished by reporting an iso-energy map, obtained
by placing a water molecule in the x-y plane (with the oxygen atom at the origin of
the axes) and by computing its interaction with a second water molecule con-
strained to have its oxygen atom in the x-y plane (with z=0) and an optimal
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Figure 2. Lefi: water-water potential. Center: iso-energy map for water-water interaction energy. Right:
three-body correction for water-water computed without (3b-SCF. Hartree-Fock limit) and with elec-
tromic correlation correction 1 3b-CI, configuration interaction),

otientation of the hydrogen atoms, such as to maximize the attraction between the
two water molecules. In the left inset we report an iso-energy map in three-
dimensions, in the central inset the same iso-energy map is given in two-dimensions.
The inset on the right reports a comparison of three-body corrections obtained
either with (three-body C.L) or without {three-body S.C.F.} electronic correlation
correction; this inset will be used later in a discussion on the water-water interac-
tions in liquid water. Note that in the central inset, the water molecules have been
shrunken by about a factor of two, to render the orientations more clearly.

To a first approximation the number, N, of sites in the first solvation layer is about
equal to the number of spheres (with radius of about 3 A) which one can pack all
around the solute, forming a mono-molecular layer of water molecules. In Figure 3
the mono-molecular layer includes the water molecules | to 7; additional layers are
shown. Even by inspection one can see, that, to a first order of approximation, the
total interaction at the 4-th site is E, = E(S) + E(s;)) + Es;) namely, nd) = ~
E.s,) + Es.), (with Ei(sj) we have indicated the interaction energy of the water at
the site i with the water molecule in the site j). By adding to #, the interactions with
the waters 2, 10, 11 and 6 one obtains a very reasonable value for »,. The interac-
tion with more distant water molecules can be approximated with by some average
interaction, volume dependent.

The statement that a water's site can be approximated to a sphere must not be
over-extended, for example, by assuming that a water molecule can rotate around
the sphere’s center without an energy cost! As known, on each sphere we can
identify regions with an excess and regions with a defect of electronic density,
relative to the neutral atoms, yielding the dipole and the quadrupole moments,
essential parameters for the understanding of hydration processes. The two mini-
ma, in the left and center insets of Figure 2. represent a hydrogen bond formation
involving either a hydrogen atom or the oxygen lone pair of electrons, namely the
positive and negative regions, respectively of the water molecule. In a somewhat
old fashion chemical language, we would say that the rotation of a water molecule
can bring about a breaking of those hydrogen-bonds existing between the water at
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site i and the rest of the system. Notice that these “breakages™ not only change the
energy of the system but also its entropy.

Let us consider few limiting cascs in the equation E; = Ej(S) +4(i) and let us define
as nib) the average interaciion energy of one water molecule in “bulk™ water (at
standard conditions); as known #(b) is about 8 keal/mol. For the case Bj(S) = 0 + 1
kcal/mol we have E; = (i) + 1 keal/mol; if this condition holds for all the N sites of
the first mono-layer, then the water molecules form {around the solute) a mono-
layer with clathrate type structure. A very well known example of clathrate structure
is the one of water molecules around methane.” shown in Figure 3, central inset. In
these conditions for each molecule in the second layer and even more so for those
in third, fourth, . . ., layers, #i) approaches y(b).

Figure 3. Left: Schematic representadion of a solute molecule solvaled by water molecules. Center
Clathrate structure of water molecules around methane frum a Monte Carlo simulation at 300K (emper-
ature. Right: Water molecules and connectivity pathway for a K+ ion from Monte Carlo simulations 1 XKIK 1.

For E{(S) to be very repulsive (more than 5 to 10 keal/mol) it is most unlikely, under
normal conditions, because of the Boltzmann probability distribution (this case
would correspond to the “non-availability” of the site). This case therefore is not
considered. The most interesting situations arise when E;(S) is attractive; we con-
sider the sub-cases Ei(S) £ n(b). For Ei(S) approaching Y% nib) from zero, the site “i"
will /ikely contribute to form a hydrating structure of clathrate type. For Fi(S) more
attractive than 2 #(i}, the water in the site “i" will likely prefer to select an orienta-
tion such as to optimize the interaction with the solute even at the cost of breaking
hydrogen bonds with neighboring water molecules. An alternative statement is that
the loss in T AS and of the water-water attractive interaction is more then compen-
sated by the gain in internal energy. This is often the case for jons in water 22
Obviously, when EjiS) is more and more attractive relative to #(bh, then the water
in the site "i" will proportionally less and less experience the remaining solvent
molecules. Note that E;(S) can be up to 10 times more attractive than y(b), for
example when one considers water molecules interacting with the phosphate groups
in DNA or counterions. In Figure 3 (right side) we report the structure of water
meolecules around K+: note that the K~ -H,O interaction is about 3 times larper than
the H,0-H,O interaction. In the insets, the hydrogen bonds are explicitly shown,
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whenever two wuter molecules have the appropriate relative orientation and post-
tion. As below discussed, the connectivity pathways in the central and right insets
are time dependent structures.

A question of basic importance in discussing solvent-solute interactions is related
to the life-time of “the hydrating structures”, like those reported in Fig. 3. If a
structure has a lifetime as long as the mean lifetime for some event, like a reaction,
then that structure is as real—for that event—as one determined for example, by
Xeray diffraction studies, the standardly accepted time-scale for “chemical struc-
tures”. In other words a “molecular structure™ needs to exist only for some mean-
time; the length of the “existence™ of that structure is relative to some “event-
observation” which can be as short as a chemical reaction. Thus the “X-ray” structures
are like the top of an iceberg, showing only structures corresponding to very long
life-times, but neglecting——at present—many more with shorter life-time but of
basic relevance to chemical processes.

In literature a number of different terms have been used in an attempt 1o differenti-
ate between hydration sites. For the case of a site yielding clathrate-like structures
terms like “hydrophobic” and “structure forming " are often used. The term “hydro-
phobic”, however, should not be related to the internal energy, E;, of a site but,
rather, to its free energy. For this reason the alternative term “clathrate-site " is here
used, when we are mainly interested in the site’s internal energy. The opposite of
hydrophobic is “hydrophilic "but we shall use the alternative term “line-connectivity”.
In Figure 3, by comparing a “clathrate™ and a "line-connectivity” site, we realize
that a clathrate is a “closed-surface connectivity site.” As elsewhere stressed
ion-pairs in solution—like Li*, F~ —exibit very pronounced connectivity pathways,
originating in the strong field at the ion and stretching radially from it. The orienta-
tion of a water molecule relative to a field generating center, like an ion, is a
function of the field strength at the water position; when an ion-pair is linked with a
line-connectivity pattern, the orientations of the two water molecules at the two
extrema (namely, at the two ions) are rotate by 180°. The tetrahedral coordination
of water is particularly suited for allowing such rotations at low energy cost and
with relatively short line-connectivity pathways. Note that the K+ field is weaker
than the Li* field and therefore, the line-connectivity aspect is less pronounced. In
addition, notice that the representation of an ion as enclosed by more than one
hydration shell, is equivalent to the line-connectivity representation, averaged over
a sufficiently long time. Finally, notice the above given comments on the life-time
of a hydrating structure. For additional discussions on hydrophobic interactions,
see for example some of the references given in the chapter by Palma,'” by Scheraga,?
the note by Beveridge® and Ref. 6.

Local Displacements: Site’s Probabilistic Description
As known, to a given temperature there corresponds a mean free path (and a mean

rotational frequency) for the solvent molecules. This dynamical situation tells us
that the previously reported representation of a site does not hold, if not as an
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approximation. Only locally stable sites, namely those with E{i) > > #ib), can be
assumed to move about very little {in terms of space displacements) especiafly. if
each one of the neighboring sites, J. has E(j) = n(b) or at least E(1) << Eij). The
above condition characterize the site "I as positionally very stable (deep energy
potential and narrow enough as to fit only one water molecule). Note that sites
which have deep potentials but are surrounded by other equally deep potential sites
can move around considerably, namely, are locally un-stable. We assume that this is
why in one of Dickerson experiments® the water molecules bound Lo the phosphate
groups were at first not detected, even if these arc at some of the most attractive
sites in nucleic acids.*

From the above it follows that at a time ((2) a site can overlap with the position
occupied by another site at time t(1). Let us count how often a site is occupied
during a period of time At and let us do the same for all sites in the solution. We
shall find out that for each position in space there is a probability distribution of
finding a site. The probabilistic aspect for the site energy, position and orientation
is its third characterization. As well known from statistical mechanics, onc can
obtain, theoretically, the probability distribution by following the prescriptions of a
particularly powerful technique known as Metropoli’s Monte Carlo method;® in two
monographic studies®” we have reported on liquid water and ions” and on bio-
molecules in solutions® and we refer the reader to these references for details.

It is well known that in ergodic systems we can obtain probabilistic distributions
either by sampling the full phase-space (coordinates and momenta) or only the
coordinate’s space. In Metropoli's® techniques we consider only displacements.
However, in molecular dynamics we solve the classical equation of motion for the
particles of the system in a time-space framework. Molecular dynamics,” therefore,
brings about the fourth characterization of an hydration site, namely its mobility.
In summary, a site is characterized by its availability, stabilitv, probability and
mobility. The first two characterizations define the site’s position, orientation and
energy in a rather artificial model where temperature and often most of the solvent
molecules are neglected: the last two characterization, probability and mobility,
restore realism in the representation of hydration sites. The first two are typical
outputs of quantum chemistry: the latter two are obtained by combining quantum
chemistry with statistical mechanics. It is somewhat disconcerting to see how tightly
some of today's "quantum biologists™ hold to their "Schroedinger equation security
blanket™ without venturing into the post 1950°s or 1960's developments: this view-
point is corroborated by the realization that the progress in solving Schroedinger's
equation for a truly large chemical system has been and is notably slow.

Sites for Counterions and Solvated ion Interactions

The basic macroscopic characterization of DNA at the electronic and electrostatic
level is that DNA is a polyelectrolite. This fact, well appreciated since the early
experiments on DNA, is the starting point for the thermodynamical studies on DNA
over the fast 10 1o 15 years.” It is equally well known that the DNA fiber's diffraction
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studies were at such low resolution that most of the sugars and of the bases, and all
the DNA's hydrogen atoms and water molecules and counterions were not detected.
Whereas the neglect of the counterions had a limited impact on DNA gross struc-
tural determinations, being X-ray data un-concerned with energetics, clearly an
equivalent neglect is totally unacceptable in any theoretical modeis dealing with
either the electronic states of DNA or the electrostatic potential or the electric
field. Unfortunately, counterions kave deen, and even today are often neglected in
quantum chemical studies dealing with the above properties. This is a rather seri-
ous situation; indeed the electronic characterization of DNA without counterions
is as much acceptable as a characterization of the structure of an atom without its
nuclear charge! Asin an ionic crystal the position of the anions is dependent on the
position of the cations, in an equivalent way, the position of the phosphates groups
is dependent on the position of the counterions; the sugar group geometry controls
the constraints on the possible conformations of the phosphates and—hence —
indirectly of the counterions. However, lot us now return to the problem of the
“sites " for counterions.

Most of what stated in the previous section for an Avdration site can be restated for
a site occupied by a counterion. In DNA, all the hydration sites which are strongly
stable and with an orientation such that the water's hydrogen atoms point towards
DNA., whereas the oxygen atom points away, are good candidates te be also coun-
terion sites. This is obvious on the bases of rather elementary electrostatic consid-
erations. The range of the ion-ion interaction deserves some considerations.
Whereas, the water-water interaction is nearly zero at an oxygen-oxygen distance
of 9-10 A, two counterions will strongly repel each other at these distances. lon's
hydration, however, cuts down the repulsive interaction; indeed the water mole-
cules solvating an jon not enly add stabilization to the system (the ion-water inter-
action) but also screen the ion-ion repulsion. This screening is very important for
the understanding of the role of water in DNA and can be nicely simulated with
Monte Carlo computer experiments. In the following, we consider the repulsion of
two cations in water in some detail.

The “solvated ion’-"solvated fon” interactions can be computed by considering
many water molecules and two ions, for example two K*, placed inside a sphere of
radius R; the two jons are positioned, symmetrically displaced, from the center of
the sphere by an amount L, where L<«<R. In our experiment R is 154 and L<34,
namely the ions are always far away from the boundaries of the sphere (note that
our selection of a sphere as a volume, allows for easy corrections of the bulk water's
field outside the sphere). For very large separation of the two ions. we switch to a
different Monte Carlo realization, where we consider two spheres of radius R* >R,
cach one with an ion at its center; R' is such as to contain a number of molecules of
water larger than the computed coordination number.2* The computed interac-
tion energies, at short and long ion-ion distances. are then used to obtain the fitting
constants for an analytical expression of the solvated ion—solvated ion interaction:
the expression has the same analytical form as the one selected to represent the
bare ions interaction. We recall that the latter is obwained from near 1o Hartree-
Fock energies computations on two bare ions.
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As expected, the sofvated ions repulsions are weaker than the bare ions repulsions;
however. the rather popular notion that the decrease can be equated to a constant
factor (related to the dielectric constant) is obviously incorrect, as seen by inspec-
tion of Figure 3. inset at right side. The line-connectivity pathways, namely. the
filaments (or the threads) of hydrogen bonded wuter molecules, generated by the
central field of one ion are expected 1o be severely perturbed by the presence of a
sccond ion. The distance-dependent perturbation brings about a strong an-isotropy
in the {ire-connectivity. Note that the connectivity pathways play an important role
in differentiating static from dvaumie situations. Indeed the connectivity pathways
have average lengths, direclions and tifetimes, which are function of the static
(time-independent) field strength and of its dynamic {time dependent) fluctuations
and/or modulations. From the above observations one can express some perplexity
for 1hose models which rely on “cavities™ carved into the solvent and around a
solute, starting immediately at the solute border. Most clearly the cavity shouwld be
large encugh as to include both the solute and its connectivity pathways. Note. in
addition, that every solute molecule, polar or apolar, is enclosed by non-bulk water
at least i jis first shell. The interaction energy between two “solvated molecules™ is
expected to be expressed by potentials of standard form, lor example as given in
Figure 1. Indeed, as the interaction potential between two atoms s the result of the
electron’s mobility around the nucleus, perturbed by the second atom, in an analo-
gous way the interaction potential between two “solvated molecules™ is the result of
the water mobility arcund the selute, perturbed by the second “solvated molecule,”
Note, however, that the time-scales for the two interaction potentials are vastly
different. In this view-point, the double-well potential found for the interaction
energy of two methane molecules in a water solution™ and later re-analyzed in a
note published in this volume* represents a somewhat "expected” result in agree-
ment, for example, with the physical model of Figure 21 of Ref. 6.

The decrease in the electrostatic repulsion due to the water molecules located in
between two cations, is a general phenomenon for ionic-type charges sepurated by
a dielectric and —therefore —equivalent findings are expected for a pair of phos-
phate groups—negatively charged.

In conclusion, from the above general discussions few of the fundamental aspects
in the hydration of DNA have become apparent: by adding water to DNA the
phosphate-phosphate repulsion is decreused by screening, therefore, stabilizing the
DNA system; at the same time counterions condense around DNA. further deereas-
ing the phosphate-phosphate repulsion and bringing about electrostatic stablization.
Second(y, water molecules solvate the counterions, thus decrease the ion-ion repul-
sion, which would have destabilized the system. Further, since ionic intesactions are
very long range, one expects Lo encounter in the system "DNA +water +counterions™
collective effects, very prominently. Finally, since the interaction energy of cations
to water is very specific ifor each cation), we expect that specific und local effects
will complement the collective effects. As shown elsewhere? these effects are
essential factors in explaining. for example. the ion-selective transition from one
DNA conformation to another.
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Iso-Energy Maps for DNA’s Components

The iso-energy maps are very instructive for an initial understanding of the interac-
tion between water and DNA (or its components) or between ions and DNA. Let us
assume that we are in position to compute, reliably and very rapidly the interaction
energy between a molecule of sofvent and one of solute (twe shall later turn on this
point in detail, when we shall comment on our interaction potentials). Then. we
can generate readily iso-energy maps: below we recall the technique to obtain
iso-energy maps between a solute and a molecule of water. Let us consider a plane
relative to the solute (for example. a plane bysecting the solute molecule, or if the
solute is a planar molecule, the molecular plane itself} and let us over-impose on
the plane a grid with a square mesh. At each grid point we perform the following
operations: 1) we place the nucleus of a water's oxygen atom. 2) compute the
walter-solvent interaction energy for as many orientations of the water's hydrogen
atoms as necessary to determine the most stable interaction energy. After this
process is repeated at each grid point. we connect the positions of equal value for
the interaction energy with a contour-line. called the iso-energy contourline. An
iso-energy map is obtained by considering all the iso-energy contours, with a pre-
determined contour to contour energy difference: for additional comments see
references® and™. An iso-energy contour map for a water molecule interacting with
a second water molecule has been previously shown in Figure 2, in the inset at the
center; the optimal orientation assumed by the second water molecule at different
sites is shown explicitly in the upper part of the symmetric map. If we consider an
iso-energy map not for a water molecule. but for an ion. the computational process
is essentially the same; since, however, no orientational optimization is needed. the
computation is notably faster.

In the last several years this graphical technique has been also adapted to display
electrostatic potential maps, following the proposal of Serocco and Tomasi.® The
electrostatic potentials are by now very popular because of the easiness to obtain
the corresponding maps. It should be stressed, however. that the electrostatic
potential maps, since by construction limited to represent the electrostatic interac-
tion of a point charge with the electronic density of a molecule, neglect many
effects, like polarization, charge transfer. dispersion and exchange contributions to
the total interaction energy. As a consequence, for example from the electrostatic
approximation one cannot obtain specificity for the interactions of Li*+, Na*, K+
with DNA; further the electrostatic approximation faifs when the point charge
marginally overlaps with the electronic density distribution of the sclute and fully
breaks down when the point charge substantially overlaps the density distribution,
namely, in the example of the above cations, near equilibrium and at shorter
distances. Electric field maps have been (and are) used™ to complement electro-
static maps; note, however, that the field maps have the same limitations as the
electrostatic maps.

In Figure 4 we report the isc-energ maps for two separated bases guanine, G, and
citosine, C, and for the base-pair, G-C, placed at the left, center and right inset,

Structure of Water & Counterions for DNA

Figure 4. Isc-energy maps for G (left), C (center) and G-C pair (right) interacting with water {top line),
Li* {sccond line}, Na* (third line) and K+ (bottom, or fourtk line of insets).

respectively. In all cases the iso-energy map is for the plane containing the molecu-
lar plane. Starting from the top, the first line of insets reports iso-energy maps with
one molecule of water; the second. third and fourth (bottom lines reports maps of
interactions with a Li*, Na* and K* ion, respectively. The iso-energy maps for G, C
and G-C given in Figure 4—top line—are graphically superior to thase previously
reported.* In these maps the contour to contour energy difference is 2.0 keal/mol
for the case with water, and 10.0 kcal/mol for the case with the jons; repulsive
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contours above a given threshold have been omiited. One can easily see the attractive
regions around the hard core; in order to help visualization, we have explicitly
indicated the attractive {negative sign) and the repulsive regions {positive sign).

The strongly repulsive region, which starts at the zero keal/mol contour and rapidly
increases in value, when one moves toward the inside of the molecule. marks a
shape which delimits and defines the hard core. As one can verily by inspection,
the shape of the hard core is different when obtained from the interactions with a
water molecule rather than with a counterion. Would we have computed the C, G
and C-G iso-energy maps not for water but for some other neutral molecule, again
the shape would have been somewhat different; and the same conclusion would be
obtained if we would have considered the interaction of our bases and/or base-pair
with either Xerays or with neutron-beams. Sometimes we tend to forget that the
structure of a molecule is different for each different probe. From these maps it is
also very obvious that a substituted G and/or C (like a methyl or ethyl group
substitution) would bring about very different maps.

The attractive and repulsive regions arc qualitatively different in comparig the
maps for water with those for the three ions; in addition. quantitative differences
are present in comparing any one of the three ions with another ion. Because of the
small size of the insets, we note that in addition to the easily visible differences, the
size of the molecular core of G, C and G-C decreases from K+ to Na* to Li* by an
amount proportional to the corresponding jonic radius.

One more point is of notable interest: the base-pair G-C attraction to the ions
occurs at positions corresponding to the major and minor grooves in DNA, whereas
the repulsion to ions occurs at two sides of the base-pair in correspondence to
positions occupied by the sugar units. Thus, the base-pair seem particularly tailor-
made to interact with ions when connected to the sugar-phosphate groups. But this
is only one part of the story! As reported elsewhere® the sugar unit in DNA
donates about one quarter of an electron to its base: thus each base is negatively
charged and the G-C base-pair has, in total, about one half of an electron in excess,
acquired by the transfer. Obviously, because of elementary electrostatic considera-
tions, this charge transfer notably Increases the attraction of a counterion to the
bases and base-pairs and at the same time makes the base-base interaction some-
what less attractive, namely weaker, because of the charge transfer induced elec-
trostatic repulsion. The ion-base increased attraction (due to charge transfer) can
be seen by inspection of Figure 5, where we compare the isc-energy maps for G
interacting with Li*, Na* and K* in three different conditions, namely G either as
a neutral molecule (separated from DNA) or as part of B-DNA or of Z-DNA.* [t is
noted that the computation of the charge transfer in B-DNA and Z-DNA were
obtained by considering an olygomer with three sugar and two phosphate units and
two bases, G and C, either in a conformation corresponding to B- or to Z-DNA .4 ¢
is further noted that these computations correspond (o the most extensive ab-inito
computations ever performed in quantum-chemistry and quantum-biology; for details
we refer elsewhere.™ Finally we recall that the charge transfer has also been

Figere 5. Iso-encrgy maps for G with Lit, Na* and K+. The base has charges either as in separated
molecule tleft), or us when in B-DNA (center) or as when in Z-DNA (righty.

obtained in ab-initio computation of the electronic bands in B-DNA®-% yuging
crystal orbital techniques ® however in the latter computations’ b due to numeri-
cal complexity, one had to introduce simplifications not present in the molecular
computation on the B-DNA and Z-DNA fragments.”™ This point is discussed in
Ladik’s work reported in this volume.” Parenthetically, the above overall electro-
static model is notably different from the one, where both the counterions at the
bases, and the charge transfer from the sugar units are neglected: ™ this differ-
ence in modeling becomes more and more wide after our inclusion of solvent
eifect, non-zero temperature and statistical averaging. :

In previous papers*“' we pointed out that the counterion base-pair strong attrac-
tion is not limited to a counterion positioned to the base-pair molecular plane, but
is present also when the counterion is above the basc-pair molecular plane. In this
geometrical configuration the counter-ion can attempt to penetrate the base-pair in
the hydrogen bonds region and influence the base to base relative separations and
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orientations. This is tantamount to state that the counterion can influence base-pair
opening, the relative angular orientation of the two bases, their relative distances,
namely all the vital elements of nucleic acid conformations. In Figure 6 we consider
three-dimensional iso-energy maps for Li* and K* interacting with G-C either in
the G-C molecular plane (z=0. a.u. first and second fine of insets) or above it by 3.0
a.u. (z=3. third and bottom lines of insets); in addition, the two bases are either at

Figure 6. Three-dimensional maps of G-C with Lit and K+ atz = 0 u.u. (top and third rows), z = 3 a.u.
(second from top and bottom rows) for d = 0 a.u. (left column),d = 2 a.u. (center) and d = 4 a.u. (right).

Structure of Water & Counterions for DNA

the standard (equilibrium) base-pair geometry (d=0.0 a.u.) or are anatyzed after
increasing the distance by either 2.0 a.u. or 4.0 au. (d=2.0, d=4.0, respectively).
‘The two-dimensional maps for G-C in Fig. 4, specifically the right side insets on the
second and {ourth (bottom) lines, corresponds to the two insets of Fig. 6 designated
as Lit, Z=0.,d=0, and K+, z=0., d=0.; in Fig. 6 the horizonta! lines are iso-energy
contours. We can see (look at the big canyon in berween the two bases, top line,
right insert) that Li* can penetrute in between the two bases even when it s
constrained to stay in the molecular plane as long as the bases arc pushed apart a
bit (z=0.0 a.u. and d=4.0 a.w.). For K* this does not occur, because K* is less
attractive to the bases. If we constrain Li* and K+ in a plane 3.0 a.u. above the
base-pair, then both ions are attractive when immediately above the hydrogen-
bonding region when d=4.0 a.v. For Li* this attraction remains even at d==2.0 a.u.
and d=0.0 a.u. Notice, that the field of the phosphates will favor the above processes,
as one can easily surmisc by inspecting the iso-energy reposted for €xample, in
Figure 70 of Ref. 6.

Thus, we have shown that the counterion can penetrate very near or be in between
ihe two bases of a base-pair, bringing about an attractive energy which balances the
loss of energy due to breakage of the hydrogen-bonds. To us it is therefore difficult
to reconcile this finding with the rather popular neglect of considerations about the
counterions effects in discussing intercalations, defects, kinks, mutations, base-pair
stability, etc., namely, the vital processes of DNA reactivity and dynamics. Qur
prediction on the position of counterions very near the bases %% the above
findings concerning the intrinsic attraction for counterions by the base-pairs at
those positions corresponding (in DNA) to the grooves, the additivity of the phos-
phate’s fields which reaches a maximum at the region near the central axis of
DNA.** and the known ability of counterions to bring about conformational varia-
tions point clearly to the need of a model for DNA where the counterion position is
as important as the phosphate position.

What we have stated above for the G and C bases and the G-C pair could now be
restated for the A, T and the AT base-pair, as clearly shown by the insets of Figure
7. Notice, however, the quantitative differences for the G-C and AT base-pairs.
The interactions of A, T and A-T with water are not reported, since elsewhere
available.™

We conclude this section by recalling Sandaralingam’s long standing identification
of the central role played by the sugar unit in the determination of the structural
conformation for DNA:* those experimentally based deductions, are here com-
plemented by our theoretical modeling, where the charge transfer from the sugar to
the base is seen as a primary process, notably enhancing the atiraction of counteri-
ons to the bases and/or base-pairs and —at the same time —weakening of the base-
pair interaction. Thus the sugar unit critical role for controlling conformational
stabilization emerges alsc at the electronic structure’s level. There are two main
locations for the constraints of the double helix phosphate groups dynamics, one at
the sugar units, and the second one at the base pairs: the charge transfer weakens

\



Clementi

-10 K+

Figure 7. Isc-energy maps for A (left), T (center) and AT base-pair {right) interacting with Li* {top},
Na* (middie} and K* (bottom).

the base-base attraction, thus it weakens the constraints at base-pair, and adds
flexibility to the polymer.

Iso-Energy Maps Of Water With B- and Z-DNA

A few years ago we reported preliminary Monte Carlo simulations of a few water
molecules interacting with A, and B-DNA and the corresponding iso-energy maps.®
In those early studies, the atom-atom pair potentials did not include the charge
transfer from the sugar to the base units. Below we shall analyze a few iso-cnergy
maps for a water interacting with B- and Z-DNA; in these maps the charge transfer
is included in the interaction potentials. The maps of Figures 8 and 9 are obtained
by flattening out the iso-energy map corresponding to a surface of a cylinder of
radius R, co-axial to DNA long axis. The maps are computed for a fragment of
DNA composed of three-full DNA turns {for example, containing 30 base-pairs in
the case of B-DNA); only the central turn is reported in the figures. To help
visualization, each map is reported twice, once in two-dimensions (right) and once

Structure of Water & Counterions for DNA

Figure 8. Cylindricat iso-energy maps for B-DNA with H,0.

in three-dimensions (left). In the two-dimensional representation, the ordinate cor-
responds to the length of one full turn (namely 33.8A for B-DNA and 44.58A for
Z-DNA) and the abscissae corresponds to 2 m R, where R is the value selected for
the cylindrical map’s circumference. In Table 1, we report for a few R-values, the
DNA atoms bisected by the cylindrical surface (or very near to it) for the case of
B-DNA and Z-DNA: notice that these atoms constitute the hard core shown in the
maps. As done in Figs. 2 and 6, the core repulsion energies are reported up to a
given value: this brings about the “mesa” like appearance of the hard core regions.
Clearly, in B-DNA the smaller the value of R, the larger the hard core region and
correspondingly the smaller the grooves region (major and minor grooves are
designated as M.g. and m.g., respectively). This is not true for Z-DNA, as clear
from the data reported in Table 1. The designation, B-DNA (G-C; C-G) is intro-
duced for a B-DNA sample with a base-pair sequence G-C and C-G; the designation
B-DNA (G-C; AT) is for a B-DNA sample with 50% G-C and 50% AT, elsewhere
reported.”* In previous papers only the B-DNA (G-C; A-T) sample was consid-
ered, thus the above dilferentiation in the designation was unnecessary.

For B-DNA (Figure 8) the M.g. valley's floor is at about —15 kcal/mol for R = 6A,
the values of —20 and —25 keal/mol being found only near the edges of the valley,
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groove

Figure 9. Cylindrical iso-energy maps for Z-DNA with H,0.

immediately before the beginning of the hard core ridges. The m.g. floor is energet-
ically more attractive to water and— as gxpected — much more narrow. These find-
ings available for some time* have been lately confirmed by an experimental
verification.” For R = 84 we note the expected - in B-DNA-decrease in the width of

Table 1
Atoms Participating to the Hard-Core in the Cylindrical Maps.

B-DNA (G-C.C-G)

R=6 101, Ct’
R=38 1O¥,P,Q2P, 05 . C5',C4', CY. (2
R=10 :01P
R=11 Q1P
Z-DNA
R=4 :OI'C,C3'C.C2'C.C4C‘CSC.C()C.OS'G‘NJG,CK},NIG.CﬁG
R=6 +OIPC, 03'C, C5'C, C4'C.N4C, PG, OIPG. O2PG. C5'G, CY'G,C4G, 066G, C3G
R=8 :O3'C.PC,02PC.OS'C.C4’G.O]'G.C2'G.Cl'G.NQG.CSG.N?G
R=9 1 02PG

6

the hard core “mesa”, (Note that the hard core has been truncated to +10 keal/mol
providing the "mesa™ appearance). For more details we refer 1o the many maps
previously reported.*** For Z-DNA, the maps are very different, as shown in Fig,
9. We recall that the one-groove map at R = 6A evolves, at R = 84, in an
“upparent” two-grooves map with one groove deep and a second more shallow; the
latter corresponds to those atoms which are on the exterior of Z-DNA. Only the
deepest groove survives at smaller R values, Once these figures are reported for B
and Z-DNA . it seems somewhat redundant to point out that such large differences
in the counterion DNA interactions, are bound to bring about notably different
hydration patterns in B-DNA relative to Z-DNA and, consequentlv. energetically’
different stablizations® in the two conformers.

Structure of Water & Counterions for DNA

Iso-Energy Maps for Lit, Na*t, K* With B- and Z-DNA

In Figure 10 we display the iso-energy maps for K * with B-DNA (G-C: C-GlatR =
6.8, 10 and 11A. Starting at the larger R value (R = 11A) one sees the small core
regions corresponding to the oxygen atoms OLP at the phosphates {see Table Ij,
then a larger cross section of the individual phosphate groups (R = 104), and then
the large valley of m.g. and the larger M.g. valley (R = &, 6A). Comparing the maps
for R=6A and R=8A with the corresonding one for the water's iso-energy (Figure 8
), one realizes that K* can have higher mobility than H,0. The energetic values
reported at the valley floors in Fig. 10 are extremely large, over thousand kcal/mol:
rather clearly these energies are totally unattainable in a laboratory experiment on
DNA since of the order of plasma-type energies. Indeed in no experimental condi-
tion three full turns of B-DNA could be stable, when only one counterion {or cne
charge) is present. For this reason the iso-energy maps offer a usefu! but prelimi-
nary and qualitative picture; the same holds for the electrostatic map or for field
maps, when obtained in equivalently “unrealistic” conditions:**% we recall that
(in our opinion) in such conditions, guantitative comparison of small energetic
details (5 to 10 keal/mol relative to a total of about 1000 keal/mol) and differences
between DNA conformers should not be taken too seriously!

A very interesting feature can be noted at R = 6A: the K* counterion can pene-
trate at the base and is “nearly” able to pass across grooves, for example from the
major to the minor grooves. This observation {this time obtained for 4 DNA frag-
ment) will turn out to be very important, because it shows that a counterion can
come very close to the hydrogen bonds of the base-pairs and therefore interfere
with the base-to-base bonding as previously discussed in reporting Fig. 6; note that
we have previously called attention on this mechanism.”* Note in addition the
non-large differences in the energy at the valley floor from R = 6A to R = 114; this
is the main reason for the extended mobility in the x-y plane {perpendicular to the
main DNA axis) for the Na* counterians.

In Figure 11, we report the iso-energy maps for K+ interacting with Z-DNA at R =
4,6,8.and 9A. The existence of only one groove s evident at R = 4 and 6A; at R =
8 and 94 we approach the external atoms of Z-DNA and an “apparent” second
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Figure 10. Cylindrical iso-energy maps for B-DNA with K* atR = 6,8, 10and 114A.

groove is shown, responsible for the “many cusps” shown in the hard core regions
at R = 6 and 4A. The possibility of groove to groove (x-y plane) migration can not
be ruled out for R values larger than about 7A: this feature is present also in B-DNA.
Finally, in Figure 12 we compare for B-DNA (G-C; C-G) the iso-energy maps for
Li*,Na* and K+ at R = 6A. The valley floor energy is smaller (more attractive) in
the order Li*, Na*, K*. A more detailed map reported in an IBM-Research Report,
which complements this work,* shows these energetic features in detail. By inspec-
tion of Figure 12, we would like to conclude that among the notable differences
between the counterions is the ability to penetrate from one groove to the next one.

Intermolecular Potentials

The intermolecular potentials used in this work are those describing the interactions
between a molecule of water and a second one or a counterion or DNA and those
for a counterion with a second one or DNA. The interaction of either a water
molecule or a counterion with DNA is obtained from ab-initio computations of the
interaction energy of a water molecule (or a countetion) with the components of

Structure of Water & Counterions for DNA
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Figure 10 continued from previous page.

DNA, namely the bases,® the sugar units® and the phosphate units.? To include the
charge transfers in our potentials, we have used the atomic net charges oblained
from the large ab-initio computation™® previously discussed. Notice that in our
interaction potentials, the atomic net charges are explicitly present in the analytical
expression representing the atom-atom potentials; therefore, the substitutions of
the value of the atomic net charges from computations on the separated compo-
nents of DNA (thus with no charge transfer) with those values obtained from the
computation with charge transfer is an easy task.

Concerning the reliability of our potentials we recall few verifications performed
over the last several years, some summarized in Figure 3. Firstly, however, we
stress that it is practically impossible to obtain potentials very accurate and equally
reliable for every possible observable. Indeed a potential will always reproduce
some experiment more reliably than some other. Secondly, we recall that our
potentials have been constructed with the aim to reproduce interaction energies and
structural data and to be used mainly in the contest of Monte Carlo simulations.
Here, we should point out that our water-water potentials have been used quite

— 4
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Figure 11. Cylindrical iso-energy maps for Z-DNA with K+ at R = 4, 6. 8 and 94.

successfully also in molecular dynamics computations by Scheraga and his collabo-
rators.* Thirdly, we tecall that the atom-atom potentials obtained by considering
two-body interactions (that is, only two molecules) can be defective, since the
three-body interactions {which is not included) can be relatively large. We have
stressed this point for a number of years and we refer to Ref. 6 for a general
discussion. Specific applications have been considered, in particular, the three-
body corrections for three molecuies of water,®* for two molecules of water and
one ion* and for one molecule of water and two ions.® A new and very extensive
work on the non-additivity correction is now nearly completed. yielding for the first
time a notably accurate two-body potential, and, a sufficiently accurate three-body
potential for the water molecules; the former is obtained at about 0.2 kcal/mol
resolution, the latter is obtained at about 0.4 kcal/mol resolution {few hundreds
ab-initio computation with extended basis set and very large configuration interac-

Structure of Water & Counterions for DNA
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Figure | { continued from previous page.

tion were needed). Lasely, we recall that in dealing with large systems, like those we
have been working on for the last decade, one has to balance many opposing
factors and attempt to account for first order corrections, neglecting smaller ones;
thus our overall strategy is not the same one we would select would we be interest-
ed, only in a much simpler system, for example liquid water. Figure 13, where we
compare simulated results with few experiments, indicates we have reached a
reasonable balance; for more details see Reference 6.

On the two insets to the left we compare the X-ray and the neutron-beam scattering
intensity for liguid water computed either with our two-body water-water potentials
or obtained from laboratory experiments; the temperature is 300 K. In our simula-
tion we have used the experimental value of the density of liquid water. Would we
have used a notably smaller value for the density of the liquid, we would have

172 .
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Figure 12. Cylindrical iso-energy maps for B-DNA and Li*, Na* and K+ st R = 6A.
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Figure 13. Comparison of simulated and experimental data.

certainly obtained different scattering intensities. Note that the agreement obtained
with this experiment is likely the best one reported thus far in literature.” Note also,
that the neglect of three-body correction represents the main source of errors in
our simulation. On the two insets on the right we report the position and orienta-
tion of a water molecule in a monocrystal of mono-hydrated violuric acid. The
latter is of interest because of the availability of high resolution X-ray and neutron-
beam diffraction.®* The experimental position and orientation essentially coin-
cide with those from the theoretical computation (for additional details including
comparison of Debye-Wolles factors, we refer elsewhere®). Finally, in the bottom
inset to the right, we compare computed with experimental energies for a water
molecule interacting with Li+, Na* and K+. Again, the notable agreement is evident.
From these verifications and from many additional ones not reported here but
available elsewhere,® we conclude that our potentials are certainly sufficiently
reliable for the task for which they were constructed and used, as reported below.
One more note: our potentials have been constructed to be transferable™* from
molecule to molecule: we note that in the last few years the notion of constructing
“transferable potentials™ is becoming more and more popular.

We conclude this section by stating that a) continuous refinements are needed,
particularly the inclusion of mary-body terms leading to a fuller account of polari-
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zation effects, b) alternative but realistic ways to construct potentials are welcomed
and, c) the use of ab-initio computations as the starting reference data for obtaining
intermolecular potential rather than the use of empirical one—a point we have
stressed for over a decade —is likely the correct strategy today, certainly the correct
strategy tomorrow. It is gratifying to note that our stratepyis becoming more and
more accepted and that “ab initio” potentials are more and more used either as the
sole “starting material” or in conjunction with empirical data.

From Low T High Relative Humidities

Likely the most classic physico-chemical laboratory experiments concerning DNA
hydration are those pioneered by Lord and his school® and later extended by
Vinograd® and others.” We have previously discussed in detail and compared some
of these experimental findings with our computer experiments,® Below, we report
additional data obtained from a B-DNA (G-C, A-T) sample containing 30 base-pairs
and neutralized by 60 Na* jons.” The Monte Carlo experiments, carried out at a
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Figure 14. Patterns of water molecules and Na+ counterions hydrating B-DNA from low to high relatve
humidities at 300K temperature. Figure 14 continued on the next page.

Structure of Water & Counferions for DNA

simulated temperature of 300°K are performed for a large range of relative humid-
ity values and start with one water molecule per (neutralized) nucleotide unit,—or
60 water in total. The relative humidity is progressively increased up to 25 water
molecules per nucleotide unit {or 1500 in total). For each relative humidity, a fult
Monte Carlo simulation is executed leading to predictions on the most probable
position and orientation of the water molecules and Na* counterions as function of
the relative humidity. The quantitative data are collected in a large number of
tables, reported elsewhere;* here we summarize some of the results mainly using
figures of immediate (but qualitative) value.

In Figure 14 we compare the water motecules and counterions orientation and
positions for a statistically meaningfui Monte Carlo conformation at relative
humidities corresponding to 120, 420, 540, 660, 720, 1140, 1500 water molecules and
60 Na* counterions for our three turns B-DNA (G-C, A-T) fragment. The collective
nature of the interactions is most evident: the B-DNA global attraction structures
the ensemble of the water molecules and ions in such a way as to reproduce a
global image of the B-DNA electric field. Note that we have not reported in gach
inset the B-DNA structure in order to simplify the drawing; the B-DNA structure is
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reported onl. in the inset to the left of the one with 1500 water molecules but can
easily be wyferred” from the insets. The image of the field becomes, however, less
and less visible in the Figure when we increase the relative humidity above 700
water molecules, simply because more and more water are over-imposed on a very
clear pattern still fully visible up t© about 720 molecules. In Figure 15, a more
quantitative view-point is given: in the inset at the left we show how many water
molecules (ordinate axis) are either in the grooves, of in the first hydration shell
(F.H.) or very strongly bound (b) to the DNA’s atoms and counterions. The abscis-
sag reports the number of watey molecules, normalized to one B-DNA turn (thus,
for example, the value 500 of Figure 15 corresponds to the vatue 1500 of Figure 14},
The inset on the right reports the detailed partition of the hydration at different
DNA sites, For example, when 300 water molecules hydrate one B-DNA turn, about
60 of these are in the grooves, 240 are in the first hydration shell and of these about
200 are strongly bound to B-DNA. More specifically {see inset on the right) between
3 and 4 water molecules hydrate each Na* ion, about 6 water molecules hydrates
each (PO,CH;) unit and about 10 water molecules hydrates either G-C or AT. Bya
variation of the relative humidity. these values change as shown in the diagrams of
Figure 13- Let us add few comments. First, the hydration number reported are
obtained for those water molecules with the oxygen atoms within 1A from he DNA
atom (or ion of atomic grovps) considered in the diagrams: by changing the value
of 3A even by only 0.5K., the above hydration numbers change considerably, espe-
cially for high relative humidities. This note is essential in order to properly cont
pare our data with laboratory experiments. Second, the above simulation results
most nicely agree with Lord-type findings® ™+ as well with Dickerson's recent
laboratory data, some obtained after our computer experiments were made availa-
ble. Third, the structural data—-only few are discussed in this article—are comple-
mented by equally extensive and detailed energetic tabulations given elsewhere ™
Fourth, details concerning major/ versus minor grooves hydration aré also discussed
at length elsewhere A

240 Total F.H.=%

=4
Number Water Molecuiet

Figure 15. Left: Average number of watet molecules {ordinate) at different relative humidities (abscis-
sae) hydrating B-DNA or in the grooves. Right: same for specific groups and for Na¥ counterions. First

hydration shelt (F.H.) might contain water molecules not strongly bound (b.).
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Figure 16. Patterns of hydration around the phosphates and Na* counterions tor B-DN A at high relative
humidities and 300K.

In Figure 16 we report a detail obtained from the 1500 water molecules Monte
Carlo experiment; We have considered the hydration of the PO7 atoms (right
inset) and Na® counterions. The PO, are represented by a segment for each one
of four PO bonds; the Na* ion, by 2 full dot placed at the position obtained by
averaging many Monte Carlo conformations. The computed orientation of the
water molecules is with the hydrogens atoms toward PO3 and away from Na*.
This is a local aspect in the hydsation process. Bridging waters Were found between
WO successive phospate, as first reporied in our early computer experiments in the
1978-1979 period. Energetics details, complementing out structural determination
have been made available elsewhere, and are therefore not discussed in detail in
this work. As above noted, these computer experiments have been later confirmed
by X-ray data; note, however, that strictly speaking, 10 water-water bridge has been
experimentally detected up 1o now, since the X-ray resolution is much too low 1o
allow for reliable measurements on the orientation of water molecules, However.
the approximated determination of the position for some of the water molecules,
allowed Dickerson ¢t al. to guess the watet molecules orientation,’ and thus 10
discuss hydration patterns.

In Figure 17, we point out once more the collective and the local nature of the
water molecules hydrating DNA. In the top inset We show molecules of water
hydrating the base-pairs (the \atter is shown simply as @ segment; the asterisk added
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Figure 17. Patterns of hydration at the base-pairs in B-DNA {top, left) and at the major {top left and
bottom right) and minor grooves.

to the base name indicates that the base belongs to one strand; base without
asterisk designates those on the other strand). The specific position and orientation
is related to the local interaction predominant near one atom of a base (or of the
base-pair or of two-base pairs). There is, in addition, a very visible over-all pattern,
forming two interwoven helices: this latter characterization constitutes the coflec-
tive aspect. A very nice example of collective behavior is found also at the two
grooves, where the water molecules assume two predominate patterns formed by
filaments of water molecules one hydrogen bonded to the next one: one patternis a

Structure of Water & Counterions for DNA

roto-translational pattern, and a second one is a pattern parallel to the Z-axis (the
long axis of DNA). For details we refer elsewhere.S2*290% Again these findings seem
to have been conlirmed by recent X-ray experiments: if this is indeed the case, then
it would add an interesting information, namely an indication of a rather extended
lifetimes for some of the connectivity-pathways we have predicted, We are now in

In conclusion, in this section we have discussed both the collective and the local
nature of the hydration as emerging from our computer experiments, corroborated
by recent and preliminary experimental findings. The connectivity pathways fully
envgtope DNA and its counterions: the “structure™ of DNA includes these hydro-
gen bonded structures of water molecules, which are as essential 1o a proper
description of DNA as are the phosphate groups or the base-pairs or the counteri-
ons. Let us now turn our attention to the position of the counterions, which from
Figure 16, appear to be arranged into regular patierns.

On The Structure And Dynamics Of Mono-Charged Counterions

From the iso-energy maps reported in the Figures 10, 11 and 12, one would expect
to find counterions in the grooves near to the base-pairs and/or near the phosphate |
groups. The long range repulsion of the counterions, their mobility and the water-
screening makes the above expectations somewhat more circumspect, but qualita-
tively it remains a very reasonable one, This is expected to be the case for either
low or high relative humidities, and also for a solution, where, according to the
results of condensation theory, the largest fraction of the counterions is located
near DNA and only a small fraction is expected to be relatively farther away from
DNA, inside the “solvent space”, Unfortunately, condensation theory, models DNA
very grossly, as an impermeable cylinder, thus it cannot differentiate between a
phosphate or a base-pair, nor between B- or Z-DNA. In addition there are no
explicit water molecules in the condensation theory, and one assumes the “same
undifferentiated bulk water™ either far from or near to DNA. On the other hand the
agreement of condensation theory to some experimental data seems to indicate
that a balanced cancellation of errors has been obtained. The Monte Carlo com-
puter experiments have none of the limitation of either the isc-energy maps or
condensation theory.

Even without including the sugar to base charge transfer, we did find*#42% tha
Na* counterions penetrate the grooves and bring about—in the case of A- and
B-DNA-—a structure resembling two helices with different amplitude. This result—as
far as we know—did constitute the first determination of a “structure™ for the
mono-charged counterions in B-DNA, Let us now consider in more detail our
finding, referring also to new data® recently obtained.

First, we consider Na* counterions and B-DNA single helices with bases of only
one kind, namely Poly-ASP, Poly-CSP, Poly-GSP and Poly-TSP. These four Monte
Carle simulations were performed with 1345, 1326, 1365 and 1410 water molecules,
respectively and one Na* counterion per phosphate group, at a simulated tempera-
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Poly—TSP Poly-CSpP

Figure 18. Na* counterions average position and iso-density maps for Poly-ASP, Poly-CSP, Poly-GSP
and Poly-TSP shown in the -y and x-z planes, Figure I8 continued on the next page.

the sugar and phosphate groups, SP. In Figure 18 we report the probability distriby-
tions (resembling spots of irregular shape} for the counterions and the projections
of the B-DNA atoms either on the %y plane or on the x-z plane. The counterions
form an helix-like structure, with counterions positioned either near the bases
(Poly-GSP) or the phosphates (Poly-TSP) or with some counterions near the bases
and some near the phosphates (Poly-ASP and Poly-CSP). Therefore a G-C rich
DNA and an AT rich DNA will have not too different Na+ distributions. Thus,
these recent results concerning Na* counter-ions nicely confirm the double helix
pattern of counterions previously found for the B-DNA double helix." Notice that a
rather extended region of space is characterized by high probability of containing
the counterion, especially in the x-y piane (less in the z-direction). Notice in addj-
tion, that the mobility of a counterion (implied in the broad probability distribu-
tion) brings about mobility of the water molecules solvating the ion, Another

Structure of Water & Counterions for DNA

observation of dynamical type is that one can expect very highly concerted motions
in all mechanisms where one counterion is displaced from his site. This was scen
very nicely by foliowing the evolution of the probability distribution maps obtained
by placing counterions either at the boundary of the cylinder {containing the DNA
and the water molecules) or at a very small R value. It should be noted that a
concerred behavior is to be expected in a system characterized by long range
interactions (like with ions): this system is expected to be particularly efficient for
collective effects and for very fast transmissiong along the z-direction. These obser-
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vations should be relevant to unwinding, recognition and defect migration mecha-

nisms. For more detailed information on the B-DNA single-helices interacting with
Nat, we refer elsewhere

Before concluding this section we wish to recall that the structure of a counterion
at a polyelectrolite can be explained with the “polytopic bond” concept, presented
for LICN (where the DNA replaced the CN~ group previously studied®). This
concept applied to our biological system has notable potentiality, and with its help,
the dynamical characterizations of counterions become clearer, We recall that the
probability distributions reported above (and in the next section) do not imply a
localization of the ion at one site; this interpretation is supported by the finding
that the number of high “probabitity sites™ is larger than the number of the counter-
ions, namely one ion has probability to be at different sites, as in polytopic bonds.

Specificity Of Counterions

Let us now return to the double helix, in particular to B-DNA (G-C, AT), BDNA
(G-C, C-G} and Z-DNA. From many biological and biochemical processes we have
become fully familiar with the expectation of ions specificity; ions carriers, enzy-
matic activity and membrane permeability are few among the many examples. Also
in DNA ionic specificity is experimentally well established: one has only to recall
that DNA undergoes conformational transitions by changing counterions; %% the

Figure 19. Probability distributions for counterions around B-DNA and Z-DNA after projection into the
Xx-y plane. :

Structure of Water & Counterions for DNA

iso-energy maps we have reported for B-DNA and for Z-DNA are certainly suggesting
qualitatively different types of interactions.

In Figure 19 we report the probability distribution maps {see Ref. 6 on tech-
niques to obtain such maps) comparing Li*, Na* and K+ in B-DNA and Z-DNA
double helices. As by now, standard in our Monte Carlo simulations, we have
selected to work with three full turns of DNA, 500 water molecules per turn and as
many counierions as the number of phosphate groups, at a simulated temperature
of 300K. The different positiohis assumed by Li* relative to Na* (or K*) are clearly
visible in the figure; equally evident are the ditferences for the same ion in the two
conformers, B-DNA and Z-DNA. The hydration patterns are therefore also differ-
ent and detailed tabulations on such information are available elsewhere# and
briefly recalled below. In Table II we report the results concerning the first hydration
of groups of atons at few sites either in B- or Z-DNA. Because of the atfibiguities in
defining the radius for the first hydration shell at the atosis in DNA, thi¢ analysis has
beett performed for three different values of radius R. The nurhbers of water
molecules reported in the table for the three different distances are obtained in the
following way. We center at a given atom (site} a sphere of radius R and we count
how many water molecules fal within the sphere (the check on the distance is done
only far the oxygen atom of H,0) during the entire Monte Carlo simulation about

Table I1
Number of water molecules in the first hydration shell of selected sites, for Lit, Nat and K+,
Comparison between B- and Z-DNA at three different values of the radius.

B-DNA
R=125 R=30 R=3.5

Site Li+  Nat K+ Li+  Na*t K+ Li+ Na* Kt

PO; 0.8t 081 078 58 578 6.01 7.1 7.35 732
A 1.61 149 105 424 3.69 1.94 6.39 5.79 4.34
C 1.48 119 101 387 4,04 2.16 5.81 5,24 4.19
G 1.57 166 123 605 4.48 325 8.66 747 573
T 0.01 - - 2.38 2.12 1.00 438 3.69 1.77
AT 1.71 1.50 1.5 586 4,86 278 874 7.91 571
G-C 3.00 284 223 8% 713 53 1137 9.96 8.09
N.U. 202 190 161 906 8.31 800 1135 1054 1001
ion+N.U. 2.20 34 492 220 314 492 2.20 3.14 492
ion 3.51 432 58 941 962 1090 1140 1121 1200

Z-DNA
R=25 R=10 R=35

Site Li+ Nat K+ Lit Nat K+ Lit+ Na+ K+

PO7 1.00 085 085 584 5.82 5.32 .13 7.23 6.44
C 1.54 137 087 280 2.51 1.46 4.0 4.11 2.56
G 0.93 096 058 374 3.60 1.66 6.37 6.00 3.74
G-C 2.47 222 145 508 4,79 272 7.45 17.39 5.14
N.U. 208 176 151 8.1t 7.89 660 1016 1040 8.73
jon+N.U. 249 293 427 249 293 427 2.49 293 4.27
ion 4,10 432 526 854 8.79 880 1056 1057  10.17

I¥S
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10° configurations). As expected, by increasing the sphere radius, the number of
water motecules falling within the volume increases proportionally. By reporting
our result at three R values, we have covered the range of interest in most labora-
tory experiments. From the table we can see that for a given R, for example
R=3.0A, the number of water molecules belonging to the first hydration shell of a
given group, notably changes from Li* to Na* to K*. A finding is particularly
interesting: it appears to be a common feature for the bases (A,C,G and T} and for
the base pairs (AT and G-C) to “loose” water if Li+ is substituted with Na*, or Na*
with K*, whereas the PO3 are sclvated by roughly the same number of water
molecules, independently from the kind of counterions in solution. This finding is
equivalent to state that changing from one ion to another we find dehydration
around the bases, whereas the phosphates are only partially affected. This finding is
present both for B and Z-DNA. Another interesting finding is that in Z-DNA the
solvation numbers of the water molecules at the phosphate groups are less constant
than in B-DNA, in particular for the Na* and K+ counterions.

As expected, the number of water molecules solvating the ions increases with the
size of the ion. If we compare these values with those obtained for the same jons in
solution (namely Li*=4.0, Na*=5.4, K*=6.8) we can notice that the ions appear
to be less solvated when in presence of DNA. In our opinion, however, the coordi-
nation around each ion remain about constant; in our computer experiment, some
of the jons are often close to some of the atom of DNA and the coordination
number should be complemented by including these atoms.

Statistical Mechanics of Midy-Systems: Extended Monte Carlo

Before introducing some of our latest results we have to briefly return on a problem
of methodology. In the previous sections we have discussed Monte Carlo simula-
tions where a fragment of DNA is enclosed in a cylinder containing the counterions
and 1 to 25 water molecules per nucleotide unit. The cylinder has a radius R limited
to values between 15 to 20 A, From the statistical mechanical representation (and
from Monte Carlo method in particular) we obtain predictions relevant to either
high or low relative humidities or 10 DNA's first hydration layer in a solution. Qur
statistical representation does not allow—however—to verify aspects where bulk
water need to be considered or where one asks for problems related to very large
values of R. To discuss large R values, like about 100A, one would need to consider
about 1.5x10° water molecules, too many for practical considerations. (Indeed,
computers have limits both in speed and in the random memory.) As an alternative
we could select to work within the standard representations traditionally used to
study polyelectrolites in solution, as for example, shown in Record's work™ or in
Manning’s early papers on condensation theory (see references reported in Ref.
16). This alternative, however, is somewhat unpleasant, since the standard thermo-
dynamical representation of the polyelectrolite structure is forced to be a very
crude one. Indeed no distinction between A-, B-, Z-DNA is possible, since no
phosphate-sugar-base characterization is retained; further, in the standard conden-
sation theory, DNA is simplified to a uniformaly charged cylinder of parameterized

—
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radius. In addition, we would not learn any detail about hydration patterns, either
local or collective, since water molecules do not appear explicitly in the thermo-
dynamical model. In other words, the very nature of the thermodynamical simula-
tion prevents to obtain those details at the molecular and atomic level, we standardly
obtain from the statistical mechanics representation and which are basic to a
description at atomic resolution i.¢., “chemica!l resclution.”

The dilemma, cither a very detailed description but for a miny-system {(our DNA
fragment, ions and at most few thousand water molecules), or a very general but
undetailed description of a macro-system (for example, a DNA very grossly approx-
imated, enclosed in an ionic solution without an explicit description of water mole-
cules) can be eliminated by an approach which is rather new —as far as we know—
and has been briefly summarized by us elswhere.® In this new approach—called
“extended Monte Carlo”—we study a midy-system composed by DNA, few hun-
dreds {or few thousands) water molecules, the counterions and a variable number of
“solvated ions”. The DNA fragment and the water molecules are kept inside a
cylinder, called “inner volume™”, of radius R (15A in our case), which is co-axial to a
much larger cylinder called “outer volume” of radius R' (100A in our case). In the
cylindrical volume with r such that R'=r=R, we allow “solvated ions”. The two
volumes are schematically represented in Figure 20. In our procedure the water
molecules cannot leave the inner volume and are subjected to the standard Monte

§

1
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- Figure 20, Extended Monte Carlo: Inper cylinder and
g:m_r i outer cylinder for the inner and outer volumes; solvated
With Solvated tons ions and solvation correction.



Clementi

Carlo sampliug. For the jons we distinguish two cases: when inside or outside the
inner volume. When the ion is within the inner volume, we assume that it experi-
ences the interactions of each counterion in the outer volume and the particles
within the inner volume {namely the standard Monte Carlo procedure discussed in
the previous experiments is applied) and an additional interaction with those mole-
cules of water assumed to be within a sphere of radius R(i} centered on the ion but
laying outside the inner volume. The latter interaction is computed once for always
(table look-up) by assuming it can be obtained from an analysis of the jon-water
interaction energies computed as a function of the radial distance for a system
composed by the water molecules filling up a spherical volume and with the ion at
the sphere’s center. When the ion is in the outer volume, it is assumed to be at the
center of a solvation sphere of radius R(i). Two cases can occur: either the sphere is
totally outside the inner volume or the sphere is partially outside the inner volume.
In the former case we talk of “unperturbed-solvated ion”, in the latter of “perturbed-
solvated ion". An unperturbed solvated ion expetiences the interaction energies of
all the other unperturbed solvated ions (see below} and of the particles within the
inner volume. A perturbed solvated ion experiences the interaction with all the
other ions, with DNA and with the water molecules which are inside the inner
volume; in addition a correction which accounts for the fraction of the solvation
sphere which is outside the inner volume js added. Notice that the unperturbed-
solvated ion, unperturbed-solvated ion interaction is the one we have previously
discussed {(see the section “Sites for Counterions and Solvated Ions Interactions”)

which can be precomputed once for always and tabulated as a function of the
ion-ion separation.

In Figure 20 we schematically show the inner volume and the outer volume (top
inset) and an ion in its solvation sphere at various distances from the inner volume
boundary: the energy correction to be added is schematically represented in the
central inset of the figure. The bottom inset shows an unperturbed solvated ion and
a second ion with a solvation sphere partly inside the inner volume and partly
outside, thus requiring an energetic correction as discussed above. In conclusion,
in our model we retain @ fully detailed description, where it is needed, namely in
the inner volume, i.e., near DNA, which is modeled at the atomic level resolution;
water molecules and ions are also explicitly described, when in the inner volume,
Outside it an unrefinied description is sufficient and the Monte Carlo technique is
stmplified by considering only solvated ions experiencing both other solvated ions
in the outer volume and the water molecules, the counterions and DNA all in the
inner volume.

DNA In Solution With Counterions

The extended Monte Cario procedure has been applied to study the B-DNA frag-
ment with three full turns (that is, with 30 base-pairs}, 1500 water molecules in the
inner volume and 60 K* counterions. The “extended Monte Carlo” technique did
allow to determine how many counterions are in the inner or in the outer volyme.
In addition, since standard probability distribution maps can be constructed as in

Structure of Water & Counterions for DNA

K . o Solution | |K* High Relative HumidIty(1500W)

B-DNA(G-C, A-T) 300K B-DNA(G-C,A-T) 300K
.

Figure 21. Average positions of K+ counterions in solution (extended Monte Carlo) and at high relative
humidity (standard Monte Carlo},

the previously reported Monte Carlo simulations, one obtains the probabilistic
distribution of the cations in the outer and inner volume. In Figure 21 we show
average positions for the K+ when we experiment with the micro-system (standard

Table HI
Comparison between standard Monte Carlo (left side} and extended Monte Carlo (right side). The first
column reports the solvation number for each ion, the second the code for the nearest neighbor atom in
DNA, the third column, the distance in & from that atom.

ion #H,0 Ln.n. T AHO0 Lan, T
1 6.56 oy 251 4.22 - )
2 4.11 ot 2.69 6.00 or 383
3 3.26 o1p 2.48 4,00 O1P 4.34
4 65.44 Q3 3.35 6.03 oy 4.35
S 5.37 o1 245 5.00 N3 2.82
6 570 o1’ 2.57 57 o1’ 276
? 3.00 N3 245 691 [o8 3.52
8 7.55 c4' 3.44 9.00 - a)
9 3.06 02 2.7 3.00 02 292

10 6.80 Q3 31.26 6.44 oy 4.26

11 4.91 N7 2.54 511 N7 2.52

12 497 N7 257 7.08 Q02P 4.6t

13 4,05 04 238 7.59 - a)

14 4.88 2P 2.69 591 o2p 2.60

15 4,91 N7 K| 6.3¢ N7 2,57
16 6.42 04 2.49 7.00 04 3.90
17 7.39 N4 31.59 7.66 o2P 467

18 6.00 N7 2.66 4.00 - a)

19 4.31 N7 247 .29 N7 3.10

20 527 04 2.56 7.27 C5M 3.92

Average 5.35 286 | 6.43 1
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Monte Carlo) and when we experiment with the midy-system (extended Monte
Carlo). We have represented each counterion with a dot representing its average
position rather than with its probability distribution, since we wish to explicitly
show each one of the 20 K+ ions (per one B-DNA tum). Three ions are found, in
average, outside the inner volume, the remaining are inside; in addition, one of the
ions in the inner volume is far from any atom of DNA, ‘Preliminary results are also
reported in Table I1I, where we give an index (1 to 20) for each counterion, the
number of water molecules solvating it, the counterions first nearest neighbor atom
on the DNA fragment (if the ion is within 5 A from a DNA’s atom) and the
corresponding distance (i value) obtained from the standard and from the extended
Monte Carlo procedures. It should be noted that in Manning's condensation theory
about 25% of the mono-charged counterions are “far” away from the polyelectrolite
and the remaining are “condensed” at the polyelectrolite. From our experiment we
obtained a distribution very close to the one predicted from the condensation
theory, since four ions out of twenty are “far” away from the polyelectrolite. The
condensed counterions, 80% of the total population, are all within the inner volume
and for these the full details (at the atomic level) of the standard Monte Carlo
modelings are available. We are now extending the above preliminary analyses to
Li* and Na* counterions, having tested that our extended Monte Carlo technique
and computer program is operational. The results reported in Table III, seem to
confirm that Manning's condensation theory, even if based on gross approximations,
can be assumed to be reliable at least for general predictions concerned with the
overall distribution of the counterions. .

Concluding Remarks

In this work two interests have been stressed: a methodological interest aimed at
realistic simulations of complex systems and a chemical one on the interaction of
solvent water molecules and a macromolecule. Concerning the first aspect, we
have exposed the main lines of our “generalized model” which operationally links
quantum chemistry to statistical mechanics to thermodynamics. Concerning the
second aspect, we have stressed both the local and the collective nature of the
solvent molecules, when interacting with DNA,

Our predictions on the counterions structure are expected to become of basic
importance for an understanding of the DNA’s dynamics, reaction mechanisms and
base-pair recognition. The “extended Monte Carlo technique” allows us to state
that our conclusions are valid both for high and low relative humidity and also for

solutions. The existence of the water molecules connectivity pathways bring about

the need to further extend our modeling by including simulations on the life-time of
such structures and the related problem on the motions and modes of DNA, Fur-
ther, the connectivity pathways, being confined to a very limited region of the
phase-space, point to the need of an explicit account of entropic variations.

One more conclusion is firmly established: DNA in a solution with its counterions
well defined structural patterns and with the water molecules connectivity path-

|9/

Structure of Water & Counterions for DNA 363

ways is a very different bio-polymer from the one where solvent molecules and
counteriens are neglected!
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Structure of Aggregates of Water and Li+, Na+, or K+Counterions

With Nucleic Acid in Solution

ENRICO CLEMENTI and GIORGINA CORONGIU
IBM Corporation, P. 0. Box 390, Poughkeepsie, New York

ABSTRACT: The position and orientation of water molecules hydrating
fragments of DNA in the B and Z conformations are analyzed with the
help of computer simulations. Monte Carlo studies are curried out at room
temperature, high relative humidity (500 water molecules per pitch) and
in the presence of counterions such as Li', Na , and K . Diffcrences in
hydration patterns and in the counterionic structures were found by
compairing B-DNA with Z-DNA double helices and B-DNA helices with
different base-pair d'xl.;ibutiom& The present extension of our similations
to Z-DNA and to Li' and K~ counterions permits some general con-
clusions concerning nucleic acids in solution.

INTRODUCTION

THE BASIC MACROSCOPIC CHARACTERIZATION OF
DNA at the electronic and electrostatic jevel is that il is a poly-
electrolyte. This fact, well appreciated since the early experi-
ments on DNA, was the starling point for our statistical me-
chanical computer simulations as well as for some thermody-
namic studies on DNA of the last 10 to 15 years. It is equally
well known thal the earty DNA fibers diffraction studies were
at such low resolution that much of the sugars and the bases,
and all the DNA hydrogen atoms and water molecules and
counterions, remained undetected. The neglect of the count-
erions had & limiled impact on DNA gross stractural deter-
minations, which were based on X-ray data and unconcerned
with energetics. Clearly, an equivalent neglect is totally unac-
ceptabie in any theorectical model dealing with either the
electronic struciure of DNA, i.e. the electronic states and bands,
ar the electrostatic potential and field. Unfortunately, counter-
ions have been, and even today are often neglected in quantum
chemical studies dealing with the above properties. This is a
rather serious situation; indeed the electronic characterization
of DNA without countericns is no more acceptable than a
characterization of the structure of an atom without its nuclear
charge! Whereas in an ionic erystal the position of the anions
depend or the positions of the cations, in a rather eguivalent
way the positions of the phosphate groups in DNA are depend.-
ent on the positions of the counterions; however, the sugar
geomeiry constrains the possible conformations of the phos-
phates and herce, indirectly, those of the counterions.

COMPUTATIONAL TECHNIQUES

The computational method used in this work has been pro-

posed and tested in many publications over the last ten VeRrs.
Therefore, we shall only recall its main features and refer exten-
sively to the lilerature, In general a computation can be decom-
posed into three successive steps {summarized below),
Some of the data reported in this paper have been presanted at the Sanibel
meeting in honor of Prof. J. Mayer (March, 1982); the remaining data
have been reported at the La Jolla International Symposium, “‘Structure
and Dynamics of Nueleic Acids and Proteins™ (September 1982) and in
the 1982 Bourke Memotial Lectures—Chemical Society—Faraday Socicty
Division, London, UK

At first, we compute (by ab initic quantum mechanical
methods) the interactions belween two molecules, say A and
B, one kept rigidly at a given position in space, the second
placed at many positions and orientations, such as 10 veason-
ably sample the interaction potential hyperspace. [n our case A
can be a water molecule or a counterion and B another water
molecule, a counterion, or a fragment of DNA. Depending on
the nature of the intermolecular interaction energy, correlation
effects are included either at the C. L (configuration interac-
tion]) level or as a perturhation of, if very small, neglected. As is
well known, the main electronic cotrelation correction in inter-
molecular forces is for dispersion effects. As is equally well
known, when the intermolecular interaction is mainly of ionic
type, the Hartree-Fock method is adequate, if we settle fora 5%
to 10% error for the interaction energy. Often Hartree-Fock
type basis sets are computationally teo expensive, especially for
molecules with more than 25-35 atoms, and in these cases we
use & minimal basis set, m.b.s, (we never use “subminimal®
basis sets. A minimal besis set is one which reproduces single
etz Slater-type energy for the isolated atoms; inferior-quality
basts sets are referred to as “subminimal”. Specifications on
the hasis sets we have used are contained in the papers dealing
with atom-atom_potentials). The large basis set superposition
error, often present in m.h.s., is corrected with the wel! known
counterpoise technigque (C. P.) {Boys and Bernardi, 1970}
A rather short, overall and very general presentation of this
approach is given by Clementi (19804); extensive discussions
and tests are also given by Clementi (1976, 1980h). The import-
ance of the combined use of m.b.s., C.P., and dispersion correct-
ions has been analyzed in detail and tested by Kolos (1979),
Kolos, et al. (1980a, 1980b), and Bolis, et al. (1983).

In the second step, we use the computed intermolecular
interaction energies to construct (by fitting techniques) two-
body atom-atem potentials, one atom belonging to the mole-
cule A and the second to B, The atom-atom potentials are
expressed in some analytical form, which can be either very
simple (for example of the 12, 6, 1 type) or rather complex,
especially if we wish to obtain a particularly accurate fit (with
standard deviation smaller than 6%). Notice that the typical
standard deviation of our fits is about 5% to 15%. A rather
short and general discussion on the analytical forms on atom-
atom potentials is given by Clementi, et al. (1981); extended
discussions are available (Clementi, 1978, 1980b). Tabulations
and analyses of specific atom-atom potentials are given for
(ions-water Clementi and Popkie 1972; Kistenmacher, et al,,
1973a, 1973b, 1973c, 1974; Popkie, et al., 1973%; Clementi
and Corongiu, 1978; Clementi, et al., 1980} for water-biomole-
cules. Bolis, ef al., 1977; Carozzo, et al., 1978; Clementi, et al.,
1977, 1979a, 1979b; Corongiu and Clementi, 1978; Corongiu,
et al,, 1979a; Ragazzi, et al., 1879; Scordamaglia, et al., 1977.
For ions-biomolecules {Corongiu and Clementi, 1983; Corongiu,
et al., 1979, 1980), and for water-water (Kistenmacher, et. al,,
1974a, 1974b; Popkie, et al., 1973), When mare than two
molecules interact, the use of pairwise potentials to obtain the



total intermolecular interaction energy is only an approxima-
tion; its three- and many-boty orrections should be added for
accurate studies. For exampl:, at the energy minimum the
three-body correction for tae water trimer is about 1.5
keal/mol, to be compared with the total two-body interaction
energy for the trimer, which amounts to about 16 kealfmol.
The three-body vorrection {or pair-wise nonadditivity) in chem-
ical systems containing waler malecules and solutes has received
detailed znalysos and lustration (Clementi, 1980b; Ciementi,
et al., 1980a, 1980b; Habitz, et al., 1983; Kress, et al., 1975).

The third step is the use of the above analyticai potentials
as put for statistical mechanical simulations of Monte Carlo
lype, following the Metropolis algorithm (Mutropolis, et al.,
1953). In this step temperature and probabilistic considerations
are introduced; as is known, both are neglected in the ab initio
computations, i. e. in steps one and two. 1t is well known from
the references already cited, that reasonably accurate atom-
atom potentials. and Monte Carlo techniques can yield struc-
tural informalion in geed agreement with X.ray and neutron
beam experimental data. It is also known, however, that some
thermodynamic data may be reproduced poorly unless three-
body corrections are in¢luded; hence in the rest of this paper
we  shall use the Monte Carlo technique mainly to deal with
structural predictions. Details on aur computer programs and
on specific Monte Carlo computations are available elsewhere
for liquid water, (Lie and Clementi, 1975; Lie, et al., 1976)
for water solutions containing ions (Clementi and Barsotti,
1976, 1978; Fromm, et al,, 1975, Romano and Clementi,
1980; Walts, el al., 1974.) and for chemical syslems composed
of waler molecules, counterions, and nucleic zeids {Clementi,
1981, 1983; Clementi and Corongiu, 1979a, 19796, 1979¢,
1980, 1981a, 1981b, 1981¢, 1982a, 1982b, 1982c, Clementi,
et al, 1982). The Monte Carle simulations reported here have
been performed as discussed by Ciementi (1081), Clementi and
Corongiu {1981, 1982a, 1982b} and Clementi, et al., (1982).

INTERACFIONS OF COUNTERIONS,
WATER, AND DNA SITES

Previous papers {Clementi, 1981, 1983; Clementi and
Corongiu, 1979, 1979b, 1978¢, 1980, 1981a, 1981b, 1981c,
1982a, 1882b, 1982c; Clementi, et al,, 1982.) bave discussed
the sites of water binding at nucleie acids, Very approximately,
in DNA, all the hydration sites that are highly stable and permit
the hydrogen atoms of the water to peint toward DNA, are in
principle good candidates to be counterion-binding sites also,
This similarity is obvicus on the basis of electrostatic consider.
ations. However, the range of the jon-ion interaction deserves
some consideration; whereus a water-water interaction is nearly
zero at an oxygen-oxygen distance of 9.10 A, two coun-
terions  strongly repel each other at these distances. Ionic
hydration cuts down the repulsive interaction: water molecules
solvating an ion not only add stabilization to the system (the
ion-water interaction) but also decrease the ion-ion repulsion.
This sereening is very important for understanding the role of
water association with DNA and can be nicely simulated with
Monte Catle computer experitents, as recently demonstrated
{Clementi, 1983},

Indeed solvated ion-solvated ion interactions can be com-
puted, for example, by considering many water molecules and
two ions, for example two K*, placed inside & sphere of radius
R; the two ions are positioned symmetrically displaced from the
center of the sphere by an amount L, where L<<R. In the
recent computer procedures {Clementi, 1983) R. is 15 A and
L5 A, so that the ions are always far away from the boun-
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daries of the sphere. For very large separation of the two ions,
we switch to a different Monte Carlo technique, considering
two spheres of radius R' >R, each with an ion at ils center;
B is such as to make the sphere contain more molecules of
water than the computed coordination number, The computed
interaction (Clementi, 1976; Clementi and Bursotti, 1976,
1978, Fromm, et al., 1975; Romano and Clementi, 1980,
Watts, et al., 1974) energies, at short and long ion-on dis-
tances, are then used to obtain the fitting constants for an
analytical expression of the solvated ion-solvated ion inter-
aclion. As expected, the selvaled ion repulsions are weaker
than the bare ion repulsions.

‘The decrease in the cloctrostatic repulsion due to water
molecules located between two cations is general for ionic
charges separated by a dielectric; therefore, equivalent decreases
are present for the repulsion of any two phosphate groups on
nucleic acid chains and separated by water molecnles.

These general considerations show a few of the fundamen-
tal aspects in the hydration of DNA. As just noted, adding
water to DNA decreases the phosphate-phosphaute Tepulsion
by screening, and therefore stabilizes the DNA system. Al the
same time counterions condense around DNA, further de-
creasing the phosphate-phosphate repulsion and bringing about
electrostatic stabilization. Second, water molecules solvate the
counterions, thus decreasing their mutual repulsion, which
would have destabilized the system. Further, since ionic inter-
actions are very long range, one expects to encounter in the
DNA + water + counterions system very prominent collective
effects and concerted motions for the counterions and the
molecules of water. Indeed, this has been verified in computer
studies elsewhere discussed (Clementi, 1983; Clementi and
Corongiu, 1982; Clementi, et al., 1982). Finally, since the
interaction energies of cations with water and DNA are very
specific (for each cation), specific and local effects will com-
plement the collective effects mentioned. As shown elsewhere
(Clementi and Corongiu, 1982a), these effects are essential
in explaining, for example, the ion-selective transition from
one DNA conformation to another.

It follows that any discussion and modeling of nueleic
acid stability {and therefore, the energy balance for nucleje
scid conformational transitions) must consider both inter-
actions between negatively charged units (namely, the phos-
phate groups and also the bases, which are partially negative-
Iy charged because of electronic charge transfer (Clementi and
Corongiu, 1982b) and also interactions of positively charged
groups (the counteticns and the sugar units, the latter par-
tially positively charged hecause of charge transfer, (Clementi
anad Corongiu, 1982b). .

ISO-ENERGY MAPS FOR COMPONENTS OF DNA

Iso-energy maps can be instructive for some understanding
of the interaction between water and DNA (or its camponents)
or between ions and DNA. As a prerequisite one needs to
be in pesition to compute, reliably and very rapidly, the in-
teraction energy between either a molecule of water or an
ion and DNA. As is known (Clementi, 1976, 1980b) this
prerequisite is met with the availability of atom-atom nter-
action potentials, already mentioned.

in the last several years this graphical technique has been
also used to display electrostatic potential maps, following the

proposal of Serocco and Tomasi (1973). Such maps are by now -

very popular because of the ease of obtaining them. It should
be stressed, however, that these maps, which are necessarily
limited to representing the electrostatic intersction of a point

charge with the electron density of a malecule, neglect many
effects, such as polarization, charge transfer, dispersian, and
exchange contributions to the tolal interaction energy. As a
consequence, for example, the electrostatic approximation
docs not permit one to recognize specificity for Lhe inter-
actions of Li+, Na+, and K' with DNA; further, the clec-
trostatic approximation fails when the point charge marginally
overlaps with Lhe electronic density distrihution of the solute
and completely breaks down when the charge substaniially
overlaps the density distribution, —, in the above example,
near equilibrium and at shorter distances.

Figure 1. Iso-energy maps for G (left), (center) and G-C pair {right)
interacting with waler (top line), Li* (second line), Na* (third line), and
K* (hottom, ar fourth line of insets),

Figure 1 shows iso-energy maps for two separated bases
guanine, G, and eytosine, C, and for the base-pair, G-C (left,
center, and right column, respectively). The iI8G-energy maps
are computed for a plane containing the molecular plane. The
first line of maps in Figure 1 reports iso-energy contours for one
moiecule of water; the second, third, and fourth (bottom) lines
report maps of interactions with a Li+, a Na"_ and a K" jon,
respectively. The iso-energy maps for G, C and G-C in Figure 1
{top line) are graphically superior to those previously reported
(Ciementi and Corongiu, 1980). In these maps the contour-te-
contour energy difference is 2.0 keal/mol for the interactions
with water, and 10.0 kealymol for the interactions with the
ions; repulsive contours above a given threshold have been
omitted. One can easily see the attractive regions at the borders
of the hard core. To help visualization, we have explicitly indi-
cated the attractive (negative sign) and the repulsive regions
(positive sign).

The strongly repulsive regions, which starl at the zero
keal/mol contour and rapidly increase in value as one maoves
toward the inside of the molecule, limit and define the mole-
cular hard core. As one can verify by inspection, the shape of
the hard core is different when obtained by considering the
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interactions with a water molecule rather than with a counter-
ion. Had we computed the C, G, and C.G ise-energy maps not
for interactions with water, but with some other neutral mole-
cule, again the shape would have been somewhat different. The
same conclusion is reached by considering the interaction of our
bases andfor base-pairs wilh either X-rays or neutron heams.,
Sometimes it is forgotten that the structure of a molecule is
differerd for each different probe. It is also voery ohvious that a
substituted G andfor € (such as a methyl or an ethyl homoloy)
would bring about very different maps.

The aliractive and repulsive regions are qualitatively
different in comparing the maps for water with those for ihe
three jions. In addition, quantilalive differences are seen in cour-
paring the map for any one of the three ions with that for an-
other ion. Because tho insets are rather small, we poini oul that
hesides the casily visible differences, the size of the moleculur
care of G, €, and G.C decreases from K¥ to Na¥ to Lit by an
amount proportional to the corresponding ianic rali.

One more point is of interest: the base-pair G-C atteaction
to the jons oceurs at positions corresponding to the major and
miner grooves in DNA, whereas the repulsion for jons accurs at
twe sides of the base-pair in correspondence to positions
cocupicd by the sugar units. Thus, the base-pair scems parti-
cularly tailor-made Lo interact with iens when connected to
the sugar-phosphate groups. But this is not all! As reported
elsewhere, (Clementi and Corongiu, 1982b), the sugar unit in
DNA donates about one quarter of an electronic charge to its
base: lhus each base is negatively charged and the G-C base
pair has, in total, ahout one half of an electron in cxuvess ac-
quired by the transfer. Obviously, because of elementary
electroslatic considerations, this charge (ransfer notably in-
creases the attraction of a counterion to the bases and base-
pairs and at the same time makes the base-base interaction
somewhat weaker, because of the charge transfer-induced
electrostatic repulsion. The computations of the charge transfer
in B-DNA and Z-DNA wete done by cansideting an oligomer
with three sugar znd two phosphate units and (wo bases, G and
C, in a conformation ecorresponding to either B- or 7Z-DNA
(Clementi and Corongiu, 1982b). Because of the large size of
the above fragments, these computations correspond to the
most extensive ab ritio computations ever performed in quan-
tum chemistry and quantum biology ‘The charge transfer has
also been evaluated in ab lnitio computation of the electronic
bands in B-DNA (Ladik, 198%; Ladik and Suhai, 1980; Otto,
et al., 1982) using crystal orbital techniques. However, in the
latter calculations, numerical complexity, forced the introduc-
tion of simplifications not nceded in the molecular computation
on the B-DNA and Z-DNA fragments. This point is duscussed
in detail by Ladik (1983). Parenthetically, our overall electro-
static model is notably different from those in which both the
counterions at the bases and the charge transfer from the sugar
units are neglected; this difference in modeling widens consid-
erably after our inclusion of solvent effects, nonzero tempera-
ture, and statistical averaging.

In previous papers (Clementi, 1981, 1983; Clementi and
and Corongiu, 1981; Clementi, ct al., 1982a) we peinted out
thai the strong attraction between the counterion and the
base-pair is not limited to a counterion located in the base-
pair melecular plane, but is present also when the counter-
ion is above that plane. In this geometrical configuration the
counterion might penetrate the base-pair in the hydrogen bond
region and influence the base-to-base separations and orienta-
tions. This is tantamount to stating that the counterion can
actively influence the base-pair opening mechanisms, the
relative angular otientation of the two bases and the distances
between them-all the vital parameters of nucleic acid con-

Clementi and Corongiu Structure of Aggregates of Water and Li+, Na*, or K Counterions. . .



G-C

Figuze 2. Three-dimensional maps of G-C with Li* and K* at z = 0 au.
(top and third rows), z = 3 a.u. {second from top and bottom rows) for
d=0au. (left column), d = 2 a u, (center), and d =4 o u. {right).
formations. In Figure 2 we consider three-dimensional iso-
energy maps for Li* and K* interacting with G-C either in the
G-C molecular plane (z = 0 a. u. fitst and second line of insets}
or above it by 3.0 a. u. {z = 3 third and bottom lines of insets).
In addition, the two bases are either at the standard (equili-
brium) base-pair geometry (d = 0.0 a. u. or are analyzed after
increasing the distance between them by either 2.0 a. u. or 4.0
a.u. {d=2.0, d=4.0, respectively) (1.00 a.u.=0.529 A). The two-
dimensional maps for G-C in Figure 1, specifically the right.
side insets on the second and fourth (bottam} lines, correspond
to the two insets of Figure 2 designated as Li*, z = 0, and K*,
Z=0.4d = 0. In Figure 2 the horizontal lines are isc-energy
contours. We can see (look at the deep “canyon” in between
the two bases, top line, right insert} that Li* can penetrate
between the two bases even when it is constrained to stay in
the molecular plane as long as the bases are pushed apart a bit
{z=00a u and d =4.0a u), For K" this does not accur,
because K* is less attracted to the bases and fs larger. If we
constrain Li* and K™ in & plane 3.0 a. u, above the base -pair,
both ions are attracted when immediately ahave the hydrogen-
bonding region and d = 4.0 a. u. For Li* this attraction temains
even at d = 2.0 a. u. and d = 0.0 a. u. Notice that the field of
the phospates favors the above processes, as one can easily
deduce by inspecting the iso-energy  curves reported, for
example in Figure 70 of Clementi (1980b).

Thus we have shown that the counterion can penetrate
very near or be in between the two bases of & base-pair, bringing
about an attractive energy which balances the loss of energy due
to breakage of the hydrogen bonds. It is difficult to reconcile
this finding with the frequent neglect of considerations about
the effects of counterions on intercalations, defects, kinks,
mutations, base-pair stability, ete., - the vital processes of DN A
reactivity and dynamics.

What we have stated above for the G and C bases and the
G-C pair could now be restated for A, T, and the A-T base-pair,
as clearly shown by the insets of Figure 3. Notice however, the
existence of quantitative differences between the G-C and A-T
base-pairs. The interactions of A, T, and AT with water are
not discussed here, since they are available elsewhere, (Clementi
and Cerongiu, 1980).

Figure 3. Iso-energy maps for A (left), T (center}, and A-T base-pair
tright) interacting with Li* (top), Na* (middle), and K {botlom).

We conclude this section by recalling Sundaralingam’s
(1983) long-standing indentification of the central role played
by the sugar unit in establishing the structural conformation for
DNA: those expetimentally based deductions are here comple-
mented by our theoretical modeling, where the charge transfer
from the sugar to the base is seen as a primary process, notably
enhancing the attraction of counterions to the bases andfor
base-pairs and weakening the basepair interaction. Thus the
critical role of the sugar umit for controlling conformation
emerges also at the electronic structure level. There are two
main positions that produce constraints for the double helix
phosphate groups, one at the sugar units, and the second at the
base pairs; the charge transfer weakens the base-base attraction,
and thus the constraint at the base-pair, and adds flexihility to
the polymer,

ISO-ENERGY MAPS OF THE B- AND Z-DNA -
WATER SYSTEMS

A few years ago we reported preliminary Monte Carlo
simulations of the interactions of a few water molecules with
A- and B-DNA and the corresponding  iso-energy maps
{Clementi and Corongiu, 1979, 1979b, 1979¢). In those early
studies, the atom-atom pair potentials did not include the
charge transfer from the sugar to the base units alveady dis-
cussed. Below we analyze a few iso-energy maps for the inter-
action of a water molecule with B- and Z-DNA, including the
effect of the charge transfer. The maps of Figures 4 and 5 were
obtained by flatlening out the iso-energy map corresponding
to a surface of a cylinder of radius R, coaxial to the DNA long
axis. The maps were computed for a fragment of DNA corm-
posed of three full DNA tumns (thus the fragment conlains
30 base-pairs in the casc of B-DNAY); only the centrat piteh is

fully reported in the Figures. To help visualization each map is
shown twice, once in two dimensions (right) and once in three
dimensions (left). In the two dimensional represcntation, the
ordinate corresponds to the lenglh of one full turn (338 A
for B-DNA and 44.58 A for Z-DNA) and the abscissa corre-
sponds to 2-R, where R is the value seleeted for the eylindrical
map ciecumference, In Table 1, we report for a few Revalues
the atoms bisccled by the cylindrical surface (or very near Lo
it) for B-DNA and Z-DNA; these atoms constilute the hard
vore shown in the maps. As shown in Figurm 1. the core repul-
slon energies wre reported only up to the threshold vilue, 10
keal/mol: this brings ahout the “mesa’lke appearance of the
hard-core regions, Clearly, in BTINA the smaller the value of
R, the larger the hurdcore region and correspondingly the
smaller the grooves region (Major and minor groves are design-
ated as M.g. and m.g., respectively). This is not true for Z-DNA,
as seen from the dala reported in Table [, We nole thal the
designation B-INA (U0 €.y is intraduced for a B-DNA
satmple with base-puirs G-C and C-G; the designation B-DNA
(G-C; A-T) s used to denote a B-DNA sample with 530% G-C
and 50% AT, elowhere discussed (Clementl and Corangiu,
1981a, 1982a). In previous papers only the B-DNA {G-C; A-T)
sample was considered 50 that the above differenliation in the
designaticn was Unnecessary,

For B-DNA (Figure 4) the M.g. valley floor is at about -15
keal/mol for R = 6 A; the values of -20 and -26 keal/mol are
found only near the edges of the valley, immediately before
the beginning of the hard-core ridges. The m.g. floor is encrget-
ically more attractive 1o waler as expected, much more narrow.
These findings, available for some time (Clementi and Corongiu,
1979a, 1979b, 1979¢), have been lalely indirectly confirmed by
experiment (Connor, el al., 1882; Dickerson, et al., 1982; Drow,
et al., 1982; Wang, et al, 1982}, For R = 8 A we note in B-DNA
the expected decrease in the width of the hard-core “mesa”,

Table L. Atoms Pariicipating in the Hard Core in the Cylindrical Maps

B-DNA {G-C, C-G)

R-6 : 01,01

R=8 : 03" P 02P 05,C5,C4' C3' C2
R=10 : OIP
R=-11 : OLIP

Z-DNA

;d Ul-'E, C3'C, €2'C, C4C, CHC, CBC, 08'G, N3Q, €24, N1G, UsG

R=46:0lPC, 5'C, C4'C, NAC, PG, 01PG, 02PG, ©5'G, C3'G,
C4G, 0BG, UsG

R = 8:03'G, PU, 02PC, 056'C, C4'G, 01'G, C2'G, C1'(;, N3G, C8G, N7G,

R=8:02PG

— - Q1P

Atoms near eylundrical eross ssclion st B = 6, 8, 10, wnd 11 A in B-DNA
and R = 4, 6.5, u1d 9 A in ZDNA (see adso Table )

Twird
Flgure 4. Cyhindrical iso-cnergy maps for B-DNA with H,0.

For ZDNA the maps arc very different, as evident from Figure
B. We observe that the one-groove map at R = 6 & evolves, at &
= B A, into an “apparent” two-groove map with one groove
deep and the second somewhat shallow; the latter corresponds
lo those atoms which are on the exterior of Z-DNA. Caly the
deeper groove survives at smaller R values. [t is evident that
such Jarge differences in counterien-DNA interactions are
bound Lo bring about notably different hydration pattemns in
B-DNA relative to Z-DNA and consequently, enerpetically
different stabilizations in the two conformers.

~ R
R 8A 50.27 h-
Figure 5. Cylindrical isv-energy maps for Z-DNA with h,0.

ISO-ENERGY MAPS FOR LIT NAY K'Y WITH B- AND
Z-DNA

Figure 6 displays the isp-energy maps for interactions of
K* with B-DNA (G-C; C-Gl at R =6, 8,10, and 11 A. Slurting
at the larger R value (R = 11 A} one sees the small-core regions
corresponding to the oxygen atoms O1P at the phosphates
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(see Table 1), then a larger cross section of the individual phos.
Phate groups (R = 10 &), and then the iarge valiey of m. g, and
the larger M. g. valley (R =8,6 A). Comparing the maps for
R=6A and R = 8 A with corresponding one for water (Figure
8}, shows that K™ will have higher mability than H,0. The
energy values reported at the vailey floors in Figure 6 are
extremely large. Clearly, they are totally unattainahble in any
laboratory experiment; DNA would not survive these energies,
which are of the order thase of plasma type. Indeed in no
experimental condition could three full pitches of B-DNA be
stable when only one counterion (or one positive charge)
is present. For this reason the iso-energy maps offer only a
preliminary and qualitative, though useful, picture; the same
hold for the electrostatic or electric field maps.

A very inlercsting featuze cun be noted al R =6 A:the K¥
counterion can penetrate at the base and is nearly able to pass
across grooves, for example from the major to the minor
grooves. This ohservation is important because it implies thal a
counlerion can come very close to the hydrogen bonds of the
base-pairs and therefore interfere with the base-to-base bonding
as previously discussed in reporting Figure 2. Note, in addition,
the small differences in the energy at the valley floor from

D

— - -

Figure 6.

Cylindrical iso-energy maps for B-DNA with K* =
heasd ¥ maps for withK' at R 6,8, 10,

198

R =46 A to K=114; this is one of the main reasons for the
extended mobility in the x.y plane (perpendicular to the main
DNA axis) computed for the Nat counterion.

In Figure 7, we report the iso-energy maps for K* with
ZDNAatR=4,6,8and 9 A. The existence of only one Broove
5 evidentat R =4 and 6 A:at R = Sand 9 A we approach the
external atoms of Z-DNA and an apparent second pgroove de-
velops, responsible for the many cusps shown in the hard-core
regionsat R = G and 4 A,

’ — nsg
Figureﬂ‘?. Cylindrical iso-energy maps for Z-DNA with K* at R=4 6 8,

and 9 A,

Finally, Figure 8 compares for B-DNA (G-C; -G} the iso-
energy maps for Z-DNA and Li*, Nat and K* at R = 6 A. The
valley floor energies become smaller {more attractive) in the
order Li+, Na", and K*. Inspection of Figure 8 suggests that
among the differences between the countetions one should
include specific variations in the mobility.

Figure s‘.& Cylindrical iso-energy maps for B-DNA and Li*, Ne*, and K*
aaR=6A,

DYNAMICS OF DISTRIBUTION OF SINGLY CHARGED
COUNTERIONS

From the iso-energy maps in Figures 6, 7, and 8, one
would expect to find counterions in the grooves near the base-
pairs or near the phosphate groups. The long-range repulsion of
the counterions, their mability, and the water screening make
the above expectation somewhat mave circumspect, but gual-
itatively it remains a very reasonabte one. This is 80 not only
for low and high relative humidities, but also for sofutions.
According te condensation theory {Fixman, 1979; Manning,
1980; Manning and Zimm, 1965; Queran and Weisbuck, 1980;
Record, 1967; Schellman and Stigler, 1977; Schildkraut and
Lifson, 19653, the large fraction (ahout 80%) of the counter-
ions is indeed located near DNA and only a small fraction is
expected to be relatively farther away from DNA, inside the

Clementi and Corongiu Structure of Aggregates of Water and Li”,
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“solvent space™. Unfortunately, condensation theory models
DNA very grossly and therefore it cannol differentiate be.
tween a phosphate or a base-pair, nor between B- or Z-DNA,
In addition, there is no explicit inclusion of the water molecutes
in condensation theory; one assumes the “samec undifferen-
tiated bulk water” either far from or near te DNA. {Other
rather dubious approxitnations are atcepted, but agrecment
with experiments indicates that, probably mainly because of
cancellations of errors, condensation theary can lead Lo rea-
sanable results). It is known that Monte Carlo compuier ex-
periments have nune of the above limitations. We now reporl
on our new Monte Carlo simulations oblained at high relative
humidity (500 water molecules per pilch) and 300 K temper-
ature,

Even without including the sugar-base charge {ransfor, we
found {(Clementi, 1981}, that Na* countericns “penstrate” (he
groves and are structured, in the cases of A- and B.DN4A, inte
two patterns resembling two helices with different amplbiudes,
one with the jons near the bases and ane with the ons near the
phosphates, cach along a different groove, This result so far as
we know, constituted the first determination of the arrange-
ment of singly charged counterions in association with B-DNA.
Our finding has been confirmed by new data (Otto, et al., 1983)
recently oblained on single helices of B-DNA make up of bases
of only one kind, namaly poly-ASP, poly-C8P, poly GSI', and
poly-T8P. Four Monte Carlo simulations {performed with 1345,
1326, 1385, and 1410 water molecules respectively and with
one Na¥ counterion per phosphale group, at a simulated tem-
perature ¢f 300 K) again showed thai the counterions form
helix-like structures, with such counterions positioned eilher
near the bases (poly-GSP) or the phosphates {poly—TSF},
or with some counierions near the bases and some near the
phosphates (poly-ASP and poly—CSP}. Thus, these recent
results nicely confirm the counterion helix patierns previously
found for the B-DNA double helix {Clementi, 1983; Clementi
and Corongiu, 1981a, 1982a, 1982h; Clementi, et al., 1932,

The above results indicate that a G-C-rich B-DNA will
have counterion structural patterns not very different from
those in an A-T- rich B-DNA. Below we shall retum to this
point. A rather extended region of space is characterized by
high probability of containing the counterion, especially in the
x-¥ plane (less in the -z-direction}. The mobility of a counterion
(implied in the broad probability distribution) brings about mo-
bility of the water molecules solvating the jon. Another obser-
vation of dynamical type is that one can expect very highly con-
certed motions in all processes where one counterion is dis-
Placed from its site. This was seen very nicely by following the
evolution of the probability distribution maps obtained by
placing counterions either at the boundary of the cylinder
{containing the DNA and the water molecules} or at a very
small R value. A concerted behavior is to be expected in any
system characterized by longrange interactions as between
lons); such a system is expected to be particularly efficient for
collective effects and for very fast transmissions along the z-di-
rection. These observations should be relevant to mechanisms
of unwinding, recognition, and defect migration,

The orientation of a counterion at a polyelectrolyte may
be explained by use of the “polytopic bond™ concept
{Clementi, 1973} propesed long ago to account for some very
peculiar features of LiCN molecules at high temperature; in the
present study, DNA replaces the CN- group. In a polytopic
band, an ion such as Li” can orbit around a negatively charged
fragment, such as CN-, at a vety low energy cost. A standard
structural characteristic, the position of Li' relative to CN-, iy
thus replaced by a characteristic orbit described by Li* around
CN- at a given temperature. We speculate that the counterions
might be constrained to the two helical-patterns discussed

Na*, or K+ Counterions. . .



above, but can very easily ~ ~upy nearly any position in the
helix; clearly, if one jon mave. [rom one position to another, all
the counterions will also me « in a concerted way.

We note that the probubility distributions reported far
DNA {either above or in the next section) do not imply a local-
lzation of the ion at one specific site. This is supported by the
finding that the number of high-probility sites is larger than the
number of eounterions, so that one ion has high probability to
be at different sites, as in polytopic bonds. Thus, counterions
are very mohile.

SPECIFECITY OF COUNTERIONS

Let us now return to the douhble helix, in particulyr to
B-DNA (G-C, AT), B-DNA (G-C, C-G), and Z-DNA. From
many biological and biochemical processes, we have become
fully familiar with ionic specificity: this is manifested in ion
carriers, enzymatic aciivity, and membrane permeability ameng
many examples. Such specificity is experimentally well estab-
lished in DNA also: one has only to recall that DNA undergoes
conformational transitions when counterions are changed
(Clementi and Corongiu, 19814, 198ic; Drew, et al., 19B0;
Hanlen, et al., 1978; Ivanov, et al,, 1974; Pohl, ot al., 1972;
Texter, 1978; Wang, et al,, 1980; Zimmerman and Pheiffer,
1980). The iso-energy maps for B- and Z-DNA certainly suggest
qualitatively different types of interactians.

F'qure 9 shaws probability distribution maps comparing
Li", Na". and K* in B-DNA and Z-DNA double helices obtained
by Monie Carlo simulations on systems with three full turns of
DNA, 1500 water molecules, and as many counterions as phos-
phate groups {the simulated temperature is 300 K). The differ-
ent positions assumed by Li* relative to Na™ {or K*) are clearly
visible in the Figure; equally evident are the differences for the
same ion in the two conformers, B-DNA and Z-DNA. Therefore,

‘the hydration patterns are also different, as shown in Table 1T

giving results on the first hydration of cations at some sites in
either B- or Z-DNA. Because of the possibility of ambiguities
in defining the radius K for the First hydration shell at the
atoms of DNA, the analysis has been performed for three dif-
ferent values of R. To obiain numbers of water molecules
shown in the Table for the three different distances, we center
on a given atom (site) a sphere of radius R and count how many
water molecules fall within the sphere (the distance is evaluated
only for the oxygen atom of H,0) during the entire Monte
Carlo simulation (about 10 configurations). As expected,
increasing the sphere radius proportionally increases the number

u’ Nt N

Figure 9. Probability distributions for counterions around B-DNA and
Z-DNA afler prajection into the x-y plane.

&)

Table I Number of water molecules in the first hydration shell of
selected sites, for Li*, Nu*, and K*. Comparison belween B- und Z-DNA at
three different values of the radius,

B-DNA {G-C; A-T)

R=25§ R=3.0 R=35
Site Li* Na* g* Li* Na* x* Li*  Na* K*
PO,”  0.81 0L 078 589 578 6.01 771 7.35 .32
A 1.61 149 1.05 424 369 19t 639 57 434
[ 1.48 119 101 387 405 216 581 524 410
G 157 166 1.23 605 148 325 866 747 473
T 0.01 - . 238 212 100 438 369 177
AT 1.71 1.50 1.06  5.86 4.86 274 874 781 p.71
G-C 300 284 223 A34 TU3 631 1137 995 809
N.U. 202 190 161 4906 831 800 11.35 1054 10.01
ion 220 314 492 220 204 492 220 314 492
lii‘nU'* A5t 4.32 5.86 941 962 10.80 1140 11.2{ 1200

Z-DNA
R=25 R=3.0 R -3.5
Site Li* Na* K* Li* Na* K* Lt Na*  Kk*

PO‘_ 1.00 085 0.85 564 582 5.32 713 7.23 6.44
c

1.5¢ 1.27 0.8B7 2,80 251 144 4063 411 2.56
¢ 093 096 058 374 360 166 637 600 974
G-C 247 222 145 BOS 479 272 745 729 514
N.U. 209 176 151 811 789 660  10.16 1040 §73
ion 249 293 127 249 293 427 248 283 497
Wl T 410 432 826 854 879 BAC 1056 1057 1017

N. U. = necleotide unit,

or water molecules falling within the volume. Reporting results
at three R values covers the range of interest in most laboratory
experiments. Tabie I shows that for a given R, for example
R = 3.0 A, the number of water molecules in the first hydration
shell of a given group changes naticeably from Li* to Nat to
K*. 1t is usual for the bases (A, C, G, and T} and for the hase
pairs (A-T and G-C) to “lose™ water if Lit is replaced by Na*,
or Na* by K*, whereas the phosphate groups are solvated by
rotghly the same number of water molecules independently
of the kind of counterions in solution. This finding is equivalent
to stating that changing from one ion to a larger one causes
dehydration around the bases, whereas the rhosphates are
little affected. This is true for both B and Z-DNA. Also notable
Is that in Z-DNA the hydration numbers at the phosphate
groups are more variable than in B-DNA, in particular for the
Na* and K* counterions.

As expected, the number of water molecules solvating the
ions increases with the size of the icn, Comparison of these
values with those for the same ions in solution (Li+ =40, Na* =
5.4, K¥ - 6.8), shows thal the jons are, on averuge, less solv-
ated in the presence of DNA, since some of them can be very
close to some of the atoms of DNA. For example, when a K
ion is near the phosphate groups, it is hydrated by 5 to 6 water
molecules, whereas, when near the bases it is hydrated by cnly
3 to 4 water molecules.

The hydrations of B-DNA (G-C; C-G) and B-DNA (G-C;
A-T) are not dissimilar. Gur Monte Carlo simulation for B-DNA
(G-C; C-G) at 300 K, 500 water molecules per pitch, and K+
counterions, yields for the first hydration shell the following
number of water molecules at the sites (in parentheses) pre-
viously studied at R = 3.5 & (Table I[): 6.82 (PO, ),1.34(C),
2,05 (G); 2.73 (G-C), 8.04 (N,U.}, and 4.02 (KY); the major
variation is at the base-poirs.

CONCLUSIONS

From these studies reported throughout this paper one
major conclusion emerges: the single and double helices of DNA
in biological solution should be regarded as “super-maolecules”
composed of the “old-fashioned X-ray - type DNA structure™,
counterions in definite patterns and water molecules with fila-
ments of hydrogen bonds pathways we have oftan discussed.

The stability of this super-structure implies electroneutral-
ity: the negative charges are located at the phosphate groups
and at the base units (the laiter are less prominent than the
former, aboul one quarter of the lotal). The positive charges
{the counterions) are located mainly very near DNA (at the
phospate and at the base) and form helical skeletal shapes.
Some of the counterions can also be found in the surrounding
solute, 2 few waler units zway from DNA. From recent prelim-
Inary simulations we know that zhoul one quarter of the coun-
terions can be “dispersed™ in the solvent rather than “conden-
sed” around DNA. Thermodynamic, (Fixman, 1379; Manning,
1080; Manning and Zimm, 1965; Quiran and Weisbach, 1980;
Record, 1967; Schellman and Stigter, 1977), and our statistical
mechanical modeling, (Clementi, 1983), as well as experimental
data (Connor, et al., 1982; Dicketson, et al., 1982; Drew, et
al., 1982; Wang, <t al., 1982) all seem 1o agrec on this poini,

The positions for the negative charges are heavily con-
strained; this brings about induced constraints for the posilions
of the positive charges. The positive charges are of two types:
the primary positive charges (condensed counterions) and sec-
ondary positive charges (dispersed counterions and tho charges
at the sugar units). Equivalently there arc primary negative
charges (the phosphates) and secondary negative charges (the
bases).

The negative charges 1) at the phosphates, 2) at the bases,
and 3) the positive charges at the sugar unit are by definition
structured in helical patterns. Thus, our finding of helical
shapes for the primary positive charges is mosl reasonable.

Dynamical studies on DNA must account for the fact that
the negative charges are constrained in a specific way charact-
eristic for each DNA conformatien, as dictated by the sugar
geometiry, whereas the positive charges are somewhat more
free. Omly about one quarter of the positive charpes (those on
the sugar units, which donate electranic charges 10 the bases)
are as constrained as the negative charges. The mobility of the
positive charges is, however, not as full as in the case of poly-
topic bonds, and one expects the counierion motions to be
concerted. In addition, the sclvent near DNA is made up of
structured water molecules and the specificity of the con-
nectivity pathways (Clementi, 1983; Clementi and Corengui,
1982¢) is bound to affect the counterion dynamics (and vice
versa). We recall that bulk water also is structured, but differ-
ently than the solvation water near DNA. Therefore, a counter-
ion near or far from DNA will be affected differently by the
different structural organizations of the two “types” of water.

We can also speculate that vibrational modes (Eyster and
Prohovsky, 1974a, 1974b, 1977; Lindsay and Powell, 1983)
present in the “old-fashioned” DINA siructure will be per
turbed by the counterion structures. {dumping-type perturba-
tion} and by the hydrating water structures. On the other hand,
Brownian motions in the “old-fashioned™ DNA system might
be enhanced by the counterions, because of the long-range
action of ionic charges. Detailed computer simulations and
laboratory experiments are needed to validate these dynamical
hypotheses.

One point however, emerges clearly: our “super-molecule™
DNA model is expected to be of basic imporlance in molecular
recognition, in conformational transitions and, in general, in
problems related to collective effects, (Connor, et al., 1982;

Dickerson, et al., 1982; Drew, el al., 1982, Wang, et al., 1982)
since it attempts to realistically account for the electrostatics
of DNA behavior in solution. The “old-fashioned” DNA model
is usually adequale as a first-order approximation, at least for
some qualitative studies where solvent, counterions, temper-
ature, and dynamics are ignored, as for some problems limited
to local features in DNA. Finally, let us note that the “old-
fashioned™ DNA madel recognizes only structures with long
lifetimes, whercas the “super-molecule™ DNA madel is con-
cermed also with structures with shorter lifetimes, for example,
wilh evanescent ones that might last only as long as the time
scale of a chemical reaction,
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Abstract

The interaction energy and the structure of water molecules either inside the Gramicidin A
transmembrane channel or at its two extremities is examined with the use of iso-energy maps
and Monte Carlo simulations. The shape of the channel as experienced by water is analyzed
in detail. Variations in the hydration structure due to the presence of a Na+ ion placed at
several positions along the channel are simulated, analyzed and discussed. Preliminary data
on Li+ and K+ interacting with Gramicidin A and the system of water molecules are
reported. The Gramicidin A atomic coordinates have been taken from Urry’s recent papers,

Introduction

The primary function of a biclogical membrane is the selective control on the flow
of chemicals. As it is well known, simple inotganic cations, for example, Na+ and
K+, can be transported across membranes; the difference in ionic concentration at
the two sides of the membrane brings about electrical potential differences of basic
importance especially in neuron’s firing membranes. One of the possible mecha-
nisms for an ion to cross a membrane is migration through a molecular trans-
membrane channel. The peptide Gramicidin A, GA, can act as a molecular channel
specifically for monovalent cations. This notable discovery by Hladky and Haydon
(1) was soon followed by proposals on the structure of GA; in this context, we
recall works by Urry (2), Ramachandran and Chandrasekharan (3), Veatch (4),
Ovchinnichov (5}, and Lotz (6). Recent accounts of two somewhat different propo-
sals for the structural representation of a GA channel! can be found in publications
by Ovchinnichov (7) and Urry (8).

This paper will analyze the structure of water molecules interacting with a GA
channel modeled according to Urry’s atomic coordinates (8). It is our pleasure to
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acknowledge Professor D. A. Urry for having provided us with an updated list of
the atomic coordinates of GA, prior to their publication.

We recall that the primary structure of Gramicidin A is: HCO-L-VAL-GLY>L-ALA>
D-LEU*L-ALA>-D*VAL*-L-VAL"-D-VAL®*L+TRP*-D:LEU*-L- TRP"-D-LEU 2
L-TRP*D-LEU*L-TRP"NHCH,CH,0OH. In Fig. 1 we report three-dimensional
representations of GA. In the top-left inset, GA is projected onto the xz plane (the
Z axis is the long axis of the channel); from the top-right inset (a projection into the
Xy plane) one can see clearly the cavity constituting the channel (the cross gives the
projection of the Z axis) and the amino acid residues disposed arcund the two
monomer backbones. The bottom inset of Fig. 1 shows the 15 residues of only one
monomer; we have used different shading to allow a clear visualization. To facili-
tate discussions following this paper, we have explicitly labeled the 15 amino acid
residues of the A monomer.

Monomer-A

Monomer-A

Figure 1. Top: projections of GA onto the xz plane {left} and xy ptane (right); Bottom: projection of the
A monomer of GA onto the xy plane with labels [or the 15 residues.
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Water Structure in Gramicidin A

in this work we shall discuss, 1) the number of water molecules which can be
placed inside the GA channel, 2) the interaction energy of the water molecules with
the channel and among themselves, and 3) the structure of the water molecules at
the two extrema of the channel. In addition, we shall analyze the structural varia-
tions for the water molecules which follow the insertion of a monovalent cation at
different positions along and nearby the channel. The cations we shall consider are
the monovalent cations Li+, Na+, and K+. The above discussions are based on
data obtained from Monte Carlo computer experiments (9,10).

Before discussing the system GA hydrated by many moltecules of water at room
temperature, we shall analyze GA interacting with one water molecule placed at
many positions relative to GA at zero temperature. In this way we shall discuss
“typical™ hydration sites of GA (11); this analysis is performed by using iso-energy
contour maps. As known, the isc-cnergy contour maps yield only a preliminary,
however notably useful representation even if it cannot be related directly to any
laboratory experiment. Realism in the modeling is restored with the Monte Carlo
simulation where non-zero temperature, water-water interactions, and statistical
weighting factors are no longer neglected.

Introductory Discussion on the Hydration Sites in GA

A water molecule at a given position and orientation relative to GA experiences an
interaction energy, E, which to an approximation of the first order can be written as
the sum of all the atom-atom pair-wise interactions V(i,j) between an atom i on GA
and an atom j on H,0, namely, E(k) = Vik;i }} (k specifies the geometrical relations
between GA and H,0}. For one water molecule interacting with amino acids (10) or
with a poly-peptide chain (11) atom-atom potentials have been derived from ab
initio computations, As discussed elsewhere in detail (10), the atoms of the macro-
molecute are grouped into “classes”. We recall that a “class” characterizes the
electronic environment of an atom within the molecule. This characterization is
obtained by selecting as criteria 1) the atomic number, 2) the hybridization of the
atom (number of bonds), 3) the atomic net charge (12), and 4) the energy difference
of the atom either when in the molecule or isolated (13). An atom i, belonging to
the class a and an atom j belonging to the class b interact with an energy approxi-
mated as:

V(ijia,b) = Bla,b)/R(ij)"” — A{a,b)/R(ij)* + Clab)qlilq(i)/R(i})

where R(i,j) is the internuclear distance for the two atoms, g(i) and q{j) their net
charges and Af(a,b), B{a,b), C(ab) are numerical constants, previously derived
(14,15). The value of the gross charges for the atoms of the amino acids of GA,
their atomic coordinates, Molecular Orbital Valency State energies (MOVS), and
class index are given in a technical report (16), available upon request. The class
index of each atom allows for easy retrieval of the value for the A, B, and C fitting
constants previously tabulated in Ref. 14 and 15 and now collected in Table 1.
Notice that the constants reported in this table for the backbone atoms represent a
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Table I
Potential coefficients for the molecule-water complexes. AlO), B{O), C(O) are the coefficients of
interaction with the oxygen atom of water. A(H), B(H), C{H) are the coefficients of interaction with the
hydrogen atom of water.

a1 A B(O) Co) AlH) B(H) CH)

6 JA021D+02  2946D-H06  .1000D+01 35600401 3892D+05 L 1000D+(H
7 JI07D+03 2765D+06  .9991D+00 19040402 6190D+04 . 1000D+01

9 A129D+02  3053D+H06  .9996D+00 8453D+02  .8706D+03  .10006D+01
13 J444AD+03 .5394D+06  .1000D+01 BI1BBD+00  2029D+05  .9959D+00
14 12623403 1304D406  .1016D+01 9686D+01  1302D+06 . 1001D+01
15 1618D+04  6263D+06  .1001D+01 A419D+03  1271D-+05 . 1001D+01
18 A021D+02 5205D+06  .1000D+01 A560D4+01  4045D+05 . 1002D+01
33 MBID+03  (1169D+05  .1008D+01 J8D+02 L1242D+06 . 1001D+01
34 J065D+01  5T00D+06  .1004D+01 2413D+03  .2396D+04  .9996D+00
35 2910D+01 9539D+04 |, 1019D+04 JA803D+02  1953D+(4  .1003D+01
36 A071D+02 5190D+06  .1000D+01 BI05D+02 9119D+04  9998D+00
n 2721D+03  3382D+04 ,9994D+00 A4256D+0t .2040D+04 . 1000D+01
38 339D402  3253D+06  .9999D+00 JA383D+03  48Y7DH04 9992D+00
39 1132D+02  .5448D+04 . 100tD+01 1467D+01  .943dD+03  .1000D+01
40 2442D+03  4360D+04 | 1001D+01 12603401 6979DH05  .1001D 01
41 8170401 .1986D+06  .1000D+01 A071D+03 1617D+04 . 1000D+0]
Li+ —.5095D+03  .1023D+04  .1328D+08 27ID+03 2718D+04 .1303D+01
Nat —4427D+03 .2093D+05 .1120D+01  ~.{198D+03 .0000D+00 .HO97TD+01
K+ 0000D+00  .2677D+06  .1139D+01  ~3661D+03  .3698D+04  .1125D+01

refinement of those given in Ref. 15. In the bottom three lines of the table, we
report the fitting constants describing the Li+, Na+, and X+ interactions with
water. It is our pleasure to acknowledge that the constants have been made avail-
able to us by Dr. G. Corongiu. We recall that the gross charges reported in the table
are obtained with Mulliken's algorithm {12) from ab initio Self Consistent Field
computations using a minimal basis set which has been reported elsewhere (17),
consisting of seven s-type gaussian functions and three 2p-type gaussian functions.
Earlier computations (14,15) used three s-type functions for the hydrogen atoms. In
the last few years we have used four s-type functions, mainly to decrease the basis
set superposition error. These computations have been performed with a computer
program discussed previously (18).

The position of the hydration sites of GA can be obtained rather easily by probing
with one water molecule in or nearby the channel. Because of the electrostatic
charge distributions of the water and the Gramicidin A molecules, for a given
position of the water molecule relative to GA, there corresponds, in general, only
one optimal orentation for the water’'s OH bonds. Computer programs written to

obtain the interaction energy for an optimally oriented water molecule with the

oxygen atom placed at the grid points on a predetermined plane are available
{19). These programs provide the input data needed to obtain the iso-energy maps
below analyzed.

Water Structure in Gramicidin A

In Fig. 2, we report iso-energy maps for the L-ALA, L-VAL, D-VAL, D:LEU, L-TRP
residues, the ethanclamine (HOC-NH-CH-CO-NH-CH,-CH,OH) group and for the
two central formyl heads. We have selected one of the many possible planes cutting
the molecules; the selected grid mesh is 0.5 a.u. Each map is reported twice. The
one in two dimensions contains an ORTEP projection of the amino acid into the
selected plane (the residues are shaded compared to the peptide backbone for a
clearer visualization). The second representation is three-dimensional; it shows
very explicitly both the attractive site minima and the repulsive regions which have
the appearance of “mesa” because the repulsive energies have been cut off at 5
keal/mol. The contour to contour interval is 1 kcal/mol. Only a few of the contours
and the minima are labeled to allow easy reading of the interaction energy values.
As discussed elsewhere in more detail (11} a hydration site might exist when there is
a minimum (see for example in Fig. 2). This is often the case when the minimum is
deeper than about 6 kcal/mol, namely, deeper than the interaction energy between
two water molecules. If the GA-water interaction energy at the minimum is less
than about 6 kcal/mol, then the water-water interaction might be large enough to
become a dominant factor. In this case, no correspondence may be established
between the existence of a minimum in the iso-energy map (see Fig. 2) and of a

Figure 2. Iso-energy maps of the different GA's residues including the formyl heads and ethanclamine
tail interacting with water, Coordinates (X,Y) and interaction energies (E) are given it a.u. and keal/mol,
respectively.
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hydration site. Notice that a complete discussion of the hydration sites would
require an analysis of the iso-energy maps for many planes. Such maps are also
reported in the technical report (16).

In an equivalent way we have obtained the iso-energy contour maps for a plane
bisecting the GA channel as shown in Fig. 3. The ieft inset reports & low resolution
(the selected grid mesh is 1 a.u.) iso-energy map of the entire channel and of the
regions at the two extrema. Notice that the length of the channel is from Z = 0 1o
about Z = & 24 a.., namely about 48 a.u.; we have reported the iso-energy
contours expanding up to Z = + 47 a.u. Two hard core areas border the channel, In
the central and right-side inset we report detailed views (grid meshes = 0.5 a.u.); at
the center we detail the area enclosed by the dotted line petimeter in the left-side
inset. Notice the very prominent minima (E is given in keal/mol) at the entrance of
the channel and the sequence of energy minima along the channel. The three-
dimensional “shape” of the channe! can be appreciated by rotating the cross sec-
tion plane by 90° and presenting the corresponding iso-energy contour map in the
right inset of Fig. 3.

Figure 3. Left: low resolution iso-energy map for GA interacting with water {xz cross section). Center:
detail of inset on the left. Right: same as center but for cross section rotated by 90° around 7. axis lyz
cross section). Coordinates (X,Y.Z) and interaction energies (E) are given in a.u. and kcal/mol,
respectively.

Water Structure in Gramicidin A

It is clear and evident that the channel is very attractive 1o a water molecule. A
water molecule, moving along the channel, will find itself in regions of variable
attraction separated by energy barriers of about 3 kcal/mol. Notice, for example,
the relatively less attractive region at the middle of the channel at Z = 0 a.u. These
energy variations can be enhanced and time modulated if one takes into account
the vibrational modes specific for GA. We refer to Urry's paper (8) for comments
on the role of the librating peptide C=0 groups at the channel wall. In this context
we recall, that among the early computer simulations on GA, Fischer, Brickmann,
and Lauger (20), did perform molecular dynamics simulations with a mode] where
GA is approximated simply by an helical arrangement of polar carboxy! groups
with properly parameterized electrostatic charges. The same model has been more
recently used by Schréder, Brickmann, and Fischer (21), where qualitatively good
agreement was found between molecular dynamics simulations and the diffusion
constants for the ions.

A very detailed view of the channel energetic is now given in Fig. 4, where sixteen
iso-energy maps are reported for xy cross sections of the channel for Z = 0, 1, ...,
15 A (grid meshes = 0.25 a.u.}. At the bottom of the figure we report a graph giving
the lowest energy determined in each map. The positions a, b, ¢, and d in the
energy profile (bottom inset), also reported in the xy cross sections (top inset),
identify the energy minima; whereas a and b are outside the channel region, the
minima at ¢ and d are definitively within the channel, 1t is noteworthy to point out
that four potential energy minima, each one separated by a barrier is postulated by
Eisenman et al. (22) in order to account for the experimental transport rate (22,23).
AtZ =0 A, the attraction of GA to one molecule of water is pronounced even if it
is relatively weaker than at any other Z value, an exception being made for posi-
tions very near the two ends of the channel—immediately before the most attrac-
tive sites (positions a and b)—previously noted in Fig. 3. Notice that the cross
section of the channel is not circular, but assumes rather irregular shapes which
gradually evolve and change with Z. Notice also that the most attractive position
for water (energy minimum) is in general, not exactly at the center of the XY cross
section (positions ¢ and d in the top inset), but close to it. From these cross sections
we can conclude that the channel ends at Z = [2 or Z = 13 A; namely that the
channel is 2541 A long, Thereafter, there is a “extuary” region which ends up at
about Z = 15or 16 &, However, the attraction to water extends much further; this
informs us that one cannot roperly talk of “bulk water” if not for Z equal or larger
than possibly +20 or +25 A. In this sense the channel makes itself felt for a length
of 40 to 50 A, a value not much shorter than the standard thickness of many
biological membranes.

Before reporting on the Mante Carlo simulations we shall discuss one more detail
at the single water level, In Fig. 5 we consider two cylindrical iso-energy maps
obtained by selecting cylinders with a radius of 1.5 and 2.0 a.u., respectively (grid
meshes = 0.5 a.u.). The eylindrical maps are flattened out in order to allow for a
full display. Notice that the hard core appears in the map of R = L.5 a.u. and gets
more prominent for the map of R = 2.0 a.u. As one can see by inspection of the
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insets in Fig. 4, between R = 3a.u. and R = 4 a.u. the hard core becomes the only
feature. Notice in addition that the backbone of GA extends much further than
R = 2.0 a.u. as evident from the right-side inset of Fig. 5. Combining the informa-

=2

18 8 0 ] 18

Figure 4. Sixteen cross sections of the channel from Z = 0AteZ=154and minimum interaction
energy as function of the channel length. Coordinates (X.Y) and interaction energies (E) are given in
a.u. and kcal/mol, respectively.
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Figure 5. Cylindrical iso-energy maps flattened out: the cylinder’s radiiare R = 1.5and R = 2.0 a.u.,
respectively. Z coordinates are given in a.u. The rightside inset is a representation of the helical
backbone only.

tion of Figs. 3, 4 and 5 it seems clear that the channel is much more like a spiral
than a cylinder. This is due to the helical nature of GA. Any loosening and tighten-
ing of the spiral will bring about not only a lengthening and a shortening of the
channel but also the possibility of “occlusion” for the channel which is relatively
very narrow with hard core protrusions extending up to R = 1.5 a.u., nearly
blocking the channel. In this context it is clear that, being GA encircled by
phospholipids, the dynamics of the phospholipid layers in the membrane can have
profound effects on the “geometry” of the channel and hence on the ionic transport
mechanism. In this paper we have neglected the interaction with the phospholipids,
which will however be included in a forthcoming work (24).

Monte Carlo Simulations

In order to obtain a more realistic representation on the structure and interactions
of many water molecules with GA, we must introduce 1} a temperature different
from zero degree Kelvin and consequently distributions of conformations Boltzman's
weighted, and 2) the interactions not only of the water molecules with GA but also
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among themselves. This aim is ideally reached by performing Monte Carlo simula-
tions as described originally in Metropolis, et al. work {9) and many times there-
after as for example in Refs. 10 and 25. Within a cylindrical volume we place a
number of water molecules (about 80) surrounding GA. The volume length of the
cylinder is 48 A and the radius of the circular base is 5.5 A; the cartesian coordinate
frame is therefore the same as previously described in Fig. 3. With the above choice
for the number of water molecules and the corresponding volume, the liquid water
density is about one. The water molecules are constrained to stay within the cylin-
drical volume. The GA is constrained to remain rigid.

The Monte Carlo computer experiments we have performed are exemplified by the
insets in Fig. 6, where we report one specific configuration for the water molecules
positioned both inside and outside the channel (bottom inset}, and the probability
distribution, P(Z), for the oxygen atoms (full line) and for the hydrogen atoms
(dotted line) as function of the Z axis {top inset). Notice that GA is not shown in

10 —

Without Na+

! | l | I

Figure 6. Top: water's oxygen (full line) and hydrogen (dotted line) probability distributions along the Z
axis (in A} of GA. Bottom: a statistically significant configuration of the water molecules.

2>
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Fig. 6 in order to simplify the figure; it occupies the volume around the long water
filament, namely, the area shown as empty in the bottom inset of the figure as
evident by comparing Fig. 6 with Fig. 3. In our experiments we either exclude or
include a cation (Li-+, Na+, or K+) which is placed at fixed positions within the
cylinder. For each experiment, namely, for each position of the cation, we consider
about 2 x 10° different Monte Carlo steps or configurations for the water molecules
after equilibration; the latter was reached after about 4 x 10° Monte Carlo steps.
We recall that each configuration is obtained from a previous one by random
selection of one water molecule and by random displacement (the displacements
are for distances not greater than 0.3 A and for rotations not larger than 18 degrees).
The simulated temperature is 300°K.

In the first experiment we consider a system composed of 81 water molecules and
GA. As shown in the top inset of Fig. 6, the water molecules form a single file
within the channel in accordance with the electrokinetic measurements of
Rosenberg, et al. (26,27) and Levitt, et al. (28). There are nine water molecules
between Z = —12 A and Z = 12 A. We recall that the channel is about 26 A in
length {from Z = —13 to Z = 13), the exact definition depending on where one
assumes the beginning of the two outlets.

The water molecules are hydrogen bonded together as clearly shown either from
the bottom inset or from the statistical distribution (top inset). We recall that we
display a hydrogen bond between two water molecules whenever the 0-O
internuclear separation is not larger than about 3.50 A and the O-H bond of one
water molecule points toward the oxygen atom of the second molecule with an
OHO angle between 180° {linear bond) and 150° (bent hydrogen bond). An alterna-
tive way is to report all the water molecule pairs with an O-O separation smaller or
equat to some threshold value correspending either to hydrogen bonded pair or to
a repulsive pair; note that the latter possibility has very low probability to occur
because of Boltzman's distribution, If the threshold is very tight, then only strong
hydrogen bond are selected; this is the case used in our figures. The water-water
network is also strongly connected at the two channel ends. The corresponding
probability distribution intensity increases immediately outside the channel, as
expected. Inside the channel, due to its narrowness, one can have an accurate
count of the water molecules and of the hydrogen-bonding pattern. Comparing the
two insets, we notice that the water molecules of the single configuration have a
structure which very closely corresponds to the probability distribution.

In the remaining Monte Carlo experiments we have placed a Na+ ion at different
fixed positions along the Z axis. The positions are tabutated in Tabie Il where we
report the water-water, the GA-water and the ion-water average interaction ener-
gies in kJ/mol (all data are per-water molecule).

Fig. 7 corresponds to the experiment where we have fixed a Na+ at X =0,Y =0,
and Z = 0 A. The top inset again reports the statistical distribution of the oxygen
and hydrogen atoms, whereas on the bottom inset we report a specific conformation.
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Comparing the two insets, it appears that the specific conformation is statistically
representative. Notice that this is due to the combined effect of a) the narrowness
of the channel, b) the two deep energy minima (or the two very stable water sites) at
the entrance of the channel, and ¢) by keeping the position of the cation fixed.
Notice that the last fact is likely the least important; indeed in Fig. 6 one can notice
that the single conformation representation and the statistical distribution are very
close one to another. In both Figs. 6 and 7, notice that there is a strong indication
that the water molecules inside the channel use one O-H to make an hydrogen
bond, and the second one rotates water to water because it follows the spiraling
nature of the channel. The breaks (reported in the single conformation representa-
tion as well as in the statistical probability distribution) in the water filament are
due to the selection of a threshold for O-0 of 3.0 A by increasing this value to 3.5 A
the filament has no break if not at the ion.

| | | ] |

Fl.gur.e 7. Top: water's oxygen {full line} and hydrogen (dotted fine) probability distributions along the Z
axis !m A)of GA with a fixed Nationat X =0,Y = 0,and Z = 0 . Bottom: a statistically significant
configuration of the water molecules (see Fig. 8 for additional details).

21<%

Water Structure in Gramicidin A

In Fig. 7 we report the probability distribution of the oxygen and hydrogen atoms
along Z. Since there is no reason to assume that the distribution is isotropical, in
Fig. 8 we report the probability distributions projected onto the xy plane for the six
water molecules designated by the six peaksa, b, ..., f in Fig. 7. In order to offer as
much chemical insight as possible, the probability distributions of Fig. 8 are given
separately for the hydrogen atoms (at the right) and for the oxygen atoms {at the
left). The insets for the oxygen atom probability display in addition information on
the location where the hydrogen probability is large and on the backbone of GA
with indication of the connected residue {(same label as in Fig. 1). From the
probabilities along Z and into the xy plane one can visualize the sterical organiza-
tion of the water molecules to the left and to the right of the ion and the amount of
mobility of each water molecule even keeping the cation fixed.

In Figs. 9 and 10 we compare four probability distributions (Fig. 9} and four corre-
sponding statistically significant single configurations (Fig. 10) obtained when the
Nat isat Z = 14 A, 125 &, 1063 A and 5 A; namely, we consider the jon
immediately outside the channe! end, at the very beginning, at the experimental
binding site (8) close to the C=0 group of L"TRP", and around the middle of one
monomer. In presence of one fixed cation, between Z = —12 A and 7, = 124, we

Figure 8. Oxygen and hydrogen atoms probability distribution maps projected onto the xy plane {in
a.u.) for six selected regions of the GA channel correspanding to the probability peaks of the six water
molecules in Fig. 7. The GA backbone atoms nearest to water molecules are shown. The number
connected to the C indicates the connected residue. ’



Fornili et. al,

Figure 9, Water molecules probability distributions with Na+ at Z = 14(a), 12.5(b), 10.63(c), and 5
Aid). Arrows point to the Na+ positions (see Fig. 10 for ORTEP representatians),

observe § (Fig. 1) or 7 water molecules (Figs. 9 and 10) within the channel, an
intermediate value between the number of water molecules coupled to the trans-
port of Na+ deduced experimentally by Rosenberg {26,27) (6-7 water molecules)
and the one observed by Levitt (28) (12 molecules).

Notice, also, from the Figs. 9 and 10 that when the ion is at the border of the
channel it can still coordinate more than two water molecules (for Z = 14 A and
Z = 12.5 A the Na+ coordination number of the first shell is three). When the ion
reaches the binding site (10.63 A), only two water molecules find room to solvate it.
This variation in the solvation characteristic is also shown by the interaction ener-
gies of Table [1, which decreases from about 10 toSkl/mol. The valueatZ =24 &
should be ignored since the cation is located close to the boundary selected for our
cylinder; indeed the values at Z = 24 A are reported only to show the boundaries
effects. The introduction of the cation lowers the attraction G A-water, since water
is displaced in order to make room for Na+ (we could talk of “local” dehydration).
The above energetic losses are compensated by the attraction GA-Na+ which is
zero when Na+ is far from the channel and increases when the Na+ penetrates the
channel. In a forthcoming paper we shall analyze this delicate balance in detail.

In our last experiment we compare Nat atZ =0A with Li+ or K+ at X = .
Y =0,and Z =0 A (Fig. 11). In all cases the ion, when in the channel, is

Water Structure in Gramicidin A

Figure 10. Statistically significant configurations for water molecules with Na+ at Z = 14(a), 12.5(b),
10.63(c), and 5 K(d). Arrows peint to the Na+ jons (see Fig. 9 for probability distributions).

coordinated to two water molecules: the directional interaction of the oxygen
atoms of the GA carbony! groups with the ion compensates for the loss of the
coordinating water molecules of the ion in bulk water. In this sense, the coordina-
tion remains nearly constant for the ion both in the solvent water and in the GA
channel. The cation-water interaction increases in the order Li+ > Na+ » K+,
but these energy differences are relatively small, on the order of 1 to 2 kJ/mol, not
at all as large as the differences in solvation energy in bulk water {see Table IT), The
water-water interaction for the experiments with Li+ and K+ are essentially the
same as those found for the Na+ experiment. Therefore the main source of
specificity in the GA-ion mechanism is in the differences of the interaction energy
between GA and different ions {24}, and also in the elastic properties of the channel



Positions (A) of the cation and computed (

Table IT
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Mente Carlo simulations) water-water, G A-water and cation-

water average interaction energies (kJ/mol; all data are per water molecule).

E H,0/H,0 EGA/H,0 E Ion/H,0

Without ion —25.54.:0.07 —50.08+0.07 -

Na+ at Z=24,00A —24.9440.10 —48.2320.04 ~7.87:0.23
Na+ at Z=20.00A —23.29.0.11 —49.42:0,05 —10.02.:0,05
Na+ at Z=14,00A —25.26+0.06 —47.59+0.08 —8.22.0,04
Na+ at Z=12.504 ~25.55+0.08 ~47.69£0.05 —7.63+0.06
Na+ at Z=11.20A —25.82:0.05 ~47.76£0.06 —6.7340.05
Na+ at Z=10.63A —~25.9320.11 ~48.40.:0.05 —=6.33.:0.04
Na+ at Z=10.00A —26.262:0.07 —47.79£0.05 —589+0.03
Na+ at 2= 7.50A —26.30+0.11 —47.79:0.06 =5.10+0.02
Na+ at Z= 5,004 —26.2420.09 —=47.98+0.07 =5.13+0,02
Na+ at Z= 2.50A —25.88 +0.06 —48.40(1.08 ~4.860.02
Na+ at Z= 0.00A —26.69+0.06 —48,35.40.07 —4,94:0.02
Li+ at Z= 0.00A —=25.49+0.12 —49.21 0,04 —6.044+0.03
K+ atZ= 0.00A =26.01..0.09 —48.84:0.06 —3.01£0.02
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(see for example Refs. 8 and 21). These two factors require rather detailed knowl-
edge of the interaction energy potentials between an ion and the Jull GA channel
and of the influence of the phospholipids on the GA dynamics.
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